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Summary 

The process of development is a crucial stage in the life-history of any organism, forming the 

bridge between hereditary factors that are transmitted and the phenotype that is exposed to 

selection pressures. Development time is, therefore, under strong selection for optimization to 

produce the most fit phenotype given the genotype and its environment.  

Theoretically, short development time should be under strong positive selection. 

However, many tradeoffs have been revealed via experimental evolutionary studies on 

Drosophila melanogaster, showing decrease in adult fitness, both in terms of survival and 

reproduction, as a consequence of selection for rapid development. Through these and other 

experimental evolution studies on various life-history related traits, laboratory selection using D. 

melanogaster has proved to be an excellent tool for revealing genetic and phenotypic 

correlations that limit trait evolution, especially those relating to developmental duration. 

 In this thesis, I report studies on a set of replicate D. melanogaster populations that have 

been under long-term selection for rapid development and early reproduction, relative to 

ancestral controls, and specifically explore the relationship between rapid development and 

reproduction related traits in affecting sexual selection and sexual conflict experienced by adult 

flies.  

Sexual selection was predicted by Darwin to be a significant form of selection that could 

influence evolutionary divergence via reproductive isolation, leading to speciation. Over the last 

40-50 years, the theory of sexual selection has been expanded, defining various features of 

sexually reproducing, dimorphic animal populations, such as sex roles and various forms of 

sexual antagonism, that directly affect the evolution of traits in the two sexes, leading to co-
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evolutionary arms-races between them. This phenomenon of sexual conflict has since become an 

important focus of research for understanding speciation.  

The populations used in the following work have earlier shown incipient reproductive 

isolation from their ancestral controls, the first step toward speciation. These results prompted an 

exploration of whether sexually antagonistic selection could be mediating this divergence. The 

investigations reported here were aimed at understanding the effects of selection for rapid 

development, selection for early reproduction, and their interaction on the evolution of inter-

locus sexual conflict in these populations. 

I first discuss in detail our current understanding of sexual selection, sexual conflict and 

life-history evolution based on studies using Drosophila sp., and introduce the study system in 

detail (Chapter 1). Many traits that have traditionally been considered evidence for inter-locus 

sexual conflict in fruit flies have diverged between our selected and control populations. 

Preliminary investigations demonstrated the role played by faster development, and consequently 

a smaller adult body size, in affecting sexual conflict.  However, differences in their reproductive 

behaviour, most likely a result of selection for early reproduction, are also large enough to 

impose different levels of direct, but unintended sexual selection in these populations (Chapter 

2). This prompted a new line of investigation with these populations as different levels of sexual 

selection can directly lead to different levels of sexual conflict. I have used relaxed or reversed 

selection to understand the contribution of the two selection pressures, i.e., that for rapid 

development and for early reproduction, in mediating the changes in sexual conflict reported in 

these populations so far (Chapter 3). I discuss three possible hypotheses that explain these 

results: a) that a body size based trade-off adequately explains the decrease in sexual conflict, b) 

that early reproduction results in breeding conditions for lower sexual conflict, and c) that early 
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reproduction can change the nature of sexual conflict in the selected populations as compared to 

their ancestral controls, causing traits typically under conflict to no longer be under conflict. My 

results indicate strong support only for the first hypothesis (Chapters 4 and 5). Further, I propose 

that the strength of this first selection pressure (that for rapid development) is strong enough to 

affect adult reproductive behaviour, thus creating conditions for lower sexual selection as well. I 

conclude that although incipient reproductive isolation has been brought about through traits 

typically under sexual conflict in fruit flies, changes in those traits in this system of laboratory 

populations are a direct consequence of selection for rapid development, an important life-

history related trait, rather than a direct consequence of the unintended changes in sexual 

selection (Chapter 6). Finally, I propose potential future work that will enable us to better 

understand the system (Chapter 6). 
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The process of development is central to the realization of the Darwinian fitness of any 

organism, as it is in this stage of the life of an organism that hereditary factors subjected to 

selection in the previous generations give rise to the phenotype that is ‘visible’ to natural 

selection in the current generation. Theory suggests that the ideal life-history would involve 

almost instantaneous development and infinitely long survival, with a high rate of reproduction 

throughout (i.e. absence of ageing) (Roff 1992). However, any organism has finite resources and 

time at its disposal, and the allocation pattern of the same towards survival or reproduction, 

reflected in its life-history, is expected to be optimized for its ecology, through the process of 

selection. As ideal life-histories do not exist, these constraints that limit the simultaneous 

maximization of all fitness related traits remain an important focus of research in the study of 

biological evolution. 

In sexually reproducing organisms, resource allocation to reproduction is further 

complicated by the need to find and successfully interact with individuals of the opposite sex, 

both of which can also affect the survival probability of an individual, imposing additional 

fitness costs of successful reproduction on the organism. This necessary interaction with 

individuals of the opposite sex becomes an important selection pressure (sexual selection), 

leading to inter-sexual co-evolution that also contributes to shaping the life-history of organisms. 

Laboratory selection experiments, particularly with Drosophila melanogaster, have been 

very successful in enhancing our understanding of trade-offs among fitness related traits, with 

over 30 years of work (reviewed in Prasad and Joshi 2003). D. melanogaster has been especially 

amenable to such studies because its short generation time, and easy and cheap maintenance, 

allow long term, laboratory selection experiments with proper population level replication, 

wherein manipulation of specific life-history related traits can yield evolutionary changes that 
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reflect the constraints mentioned above. The long history of study of D. melanogaster in the 

laboratory adds to these benefits by providing information on the basic biology and laboratory 

ecology of the species allowing a good appreciation of selection pressures experienced by the 

study populations in the immediate past, which, in turn, helps us understand many nuances of the 

adaptive evolutionary process, including the lability of genetic correlations among fitness related 

traits (Harshman and Hoffman 2000, Archer et al 2003, Joshi et al 2003, Phelan et al 2003). In 

this thesis, I record investigations made into the male-female co-evolutionary processes in such 

long-term laboratory populations of D. melanogaster, wherein the rate of development has been 

the focal point of selection. 

 

Constraints on Development Time 

D. melanogaster is a holometabolous insect and, therefore, acquires most of its life-time food 

resource and final size during its developmental stages (Bakker 1959). As an adult, opportunities 

to significantly improve resources (usually reflected in adult body size) are limited and basic 

allocation patterns for various survivorship related and reproduction related traits may already be 

fixed at eclosion (Bakker 1959, Djawdan et al 1996). The adult size/weight of the individual is a 

reasonable indicator of its resource stores, and strongly determines many adult fitness related 

traits, both in terms of reproduction and lifespan (see Prasad and Joshi 2003 for a review). 

Therefore, any alteration of the developmental process or duration that affects adult body size in 

D. melanogaster is likely to have direct consequences on the fitness of the individual.  

This thesis reports studies on a set of D. melanogaster populations that have undergone 

selection for rapid development and early reproduction, relative to controls, in the laboratory for 
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more than 600 generations (first described in Prasad et al 2000). These are the Faster developing, 

Early reproducing JB (FEJ) populations, the Joshi Baseline (JB) populations being their ancestral 

controls that were not consciously selected for either rapid development or early reproduction. 

The direct response to this selection has resulted in the FEJ flies developing about 60 hours faster 

than control flies (Prasad 2004, Ghosh-Modak 2009). A number of trade-offs have been recorded 

as a result of speeding up development in these populations, with reductions observed in pre-

adult survivorship (Prasad et al 2000, Prasad et al 2001), larval feeding rate (Prasad et al 2001), 

average pre-adult rates of weight gain and body size at eclosion (Prasad et al 2000), larval 

competitive ability (Shakarad et al 2005), adult pathogen resistance (Modak et al 2009), 

fecundity, longevity, and starvation resistance (Prasad 2004). Many other studies on D. 

melanogaster populations have demonstrated similar trade-offs with development time, either by 

directly selecting for faster development (Zwaan et al 1995a, Nunney 1996, Chippindale et al 

1997a) or because of selection for other traits (Chippindale et al 1994, Chippindale et al 1998). 

This body of work has helped us understand the lack of rapidly developing organisms in the 

wild, even though theory predicts higher fitness of organisms with short compared to long 

development times, all else being equal (Roff 1992).  

Most of these trade-offs with developmental rate in D. melanogaster are presumed to be a 

consequence of body size reduction, which is often positively correlated with development time 

(Zwaan et al 1995a, Nunney 1996). Although this result may not be consistent across selection 

regimes, such as selection for age at reproduction (Chippindale et al 1994), the amount of 

resource acquired during the larval stages has been shown to affect adult fitness in D. 

melanogaster (Djawdan et al 1996). In populations of D. melanogaster selected for adult 

starvation or desiccation resistance, higher larval growth rates as well as an increase in lipid and 
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glycogen assimilation rates, respectively, were seen (Chippindale et al 1996, 1998). Furthermore, 

any decrease in development time that is brought about by a reduced third instar duration is 

likely to result in smaller adult body size as the post-critical developmental duration, which is 

primarily responsible for increase in larval (and consequently pupal and adult) body size, is 

reduced. In the FEJ, the third instar larval duration has shown the maximum percentage 

reduction compared to the JB, significantly contributing to the 60 hour development time 

reduction (Prasad 2004). 

The consequences of rapid development and the resultant resource reduction are also 

significant as sexual selection in D. melanogaster is known to operate on adult body size; large 

body size is often preferred by the opposite sex. Large males are usually better at winning mating 

opportunities (Dow and von Schilcher 1975, Partridge and Farquhar 1983,  Pitnick 1991), either 

via direct contest competition or by being more attractive to females (Partridge et al 1987a, b). 

Large or more fecund females are also attractive to males (Bateman 1948, Pitnick 1991, Byrne 

and Rice 2006, Long et al 2009, Nandy et al 2012).  In D. melanogaster, large body size has 

been correlated with greater reproductive success of both females and males (Mueller 1985, 

Zwaan et al 1995b, Bangham et al 2002, Houle and Rowe 2002). It is worth pointing out, 

however, that many of these studies rely on large differences in adult body size between the 

individuals being observed, a degree of body size variation not normally encountered within a 

laboratory population. However, at least between the FEJ and JB, the body size differences are 

quite large, FEJ flies being about half the size of JB flies at eclosion. 
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Sexual Conflict and Sexual Selection 

An increase in body size in D. melanogaster is likely to affect the fitness of each sex differently 

due to differences in the strategies adopted by males and females, as discussed below. Inherent 

differences in parental investment made by the two sexes due to anisogamy (Bateman 1948, 

Trivers 1972, Parker 1979) often cause males and females to adopt different strategies, or sex 

roles (Darwin 1871, Bateman 1948), in order to optimize reproduction to maximize their 

respective fitnesses, within constraints. Anisogamy results in competition among the more 

abundant gametes (sperm) for the rarer gametes (eggs). Traditional sex roles are hence defined as 

follows: males tend to be less discerning, seeking as many instances of mating as possible, 

whereas females mate less and are more selective in their mate choice (Bonduriansky 2008, 

Schaerer et al 2012).  

This difference in mating strategies typically results in a greater variance in male than 

female reproductive success (Andersson 1994). Essentially, males tend to benefit more from 

each additional mating than do females, and, therefore, the optimum mating rate for males is 

usually higher than that for females. Consequently, selection operates on mating propensity and 

related traits in opposite directions, depending on the sex of the individual (Chippindale et al 

2001, Chapman et al 2003, Bonduriansky and Chenoweth 2009). This results in intra-locus 

sexual conflict that can often be resolved by resolved by sex-limited expression of genes (Rice 

1996), leading to sexual dimorphism (Rhen 2000). The difference in mating strategies can also 

lead to inter-locus sexual conflict, which arises when one sex expresses a trait that improves its 

fitness, via interaction with the mating partner, often imposing a fitness cost on the other sex, 

which in turn may evolve counter measures, leading to a co-evolutionary arms race (Parker 
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1979). In particular, such sexual conflict involves males manipulating the endocrine-reproductive 

system of females in a manner that affects female fitness negatively, while increasing male 

fitness, resulting in sexually antagonistic co-evolution (Chapman et al 2003). Females are, in 

turn, under selection to evolve resistance or tolerance to such male manipulative traits (Chapman 

et al 2003.). In D. melanogaster, sexually antagonistic co-evolution is well studied and is 

triggered by males that physiologically and behaviourally manipulate females via chemicals 

produced in their accessory glands, known as SFPs (Seminal Fluid Proteins) or Acps (Accessory 

Gland Proteins) (Chapman and Partridge 1995, Chapman et al 2003, Rice and Holland 1997). 

These proteins are known to increase female egg output soon after mating (Chapman 2001, 

Wolfner 2009), and also to reduce female receptivity to re-mating (Chen et al 1988), among 

other responses, both of which are calculated to increase the proportion of progeny sired by that 

male. These chemicals collaterally also decrease female longevity (Fowler and Partridge 1989) 

and impact immune responses (Fedorka et al 2007, Imroze and Prasad 2011), thus imposing a 

direct cost on her fitness.  

Whenever the fitness benefits of such manipulations outweigh the fitness costs incurred 

by reducing female fitness, they get selected, thus triggering the ‘arms race’. The fact that 

preferred D. melanogaster males are more detrimental to female fitness (Pitnick and Garcia-

Gonzales 2002, Friberg and Arnqvist 2003, Long et al 2009, Imroze and Prasad 2011), and are 

usually larger in size, indicates that in this species, the cost incurred by reduced female life-span 

is cancelled out by the benefits incurred by the male through manipulation. It is also likely that 

the intensity of selection on male manipulative traits will depend on the operational sex ratio 

(Emlen and Oring 1977). 
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 In some species, changes in operational sex ratio or changes in investment patterns 

toward offspring have been shown to result in sex role reversal (Vincent et al 1992, Jones et al 

2000). Since manipulation of females would probably be necessary for a male to maximize its 

reproductive fitness only under highly competitive mating conditions, the lab ecology of D. 

melanogaster has been manipulated in the lab (enforcement of random monogamy or sex-ratio 

manipulations) in order to investigate if lower levels of conflict might evolve with reduced male-

male competition for females (Wigby and Chapman 2004, Linklater et al 2007, Edwards et al 

2010, Nandy et al 2013 a, b). In promiscuous species such as D. melanogaster, competition can 

be acute after mating as well, requiring additional resources (Acps) for tackling sperm 

competition (Chapman et al 2003). Such post-mating effort rises particularly when females mate 

multiply, resulting in selection for compounds that aid in sperm storage and competition 

(Anrqvist and Nilsson 2000), and has been extensively studied in Drosophila sp. Moreover, 

shorter time available for breeding can also weaken the level of post-mating competition 

experienced by males, especially if there are fewer opportunities for females to re-mate. There is 

some evidence to suggest that extending the available breeding time does increase the male age-

specific sperm offense and defense ability and their ability to induce typical female post mating 

responses (PMR) (Service 1993, Service and Fales 1994, Service and Vossbrink 1996). Since the 

FEJ populations are selected for early reproduction compared to JB populations, this can 

potentially create conditions for different degrees of male-male competition for mating with 

females, with FEJ females possibly having far fewer re-mating opportunities than do JB females. 

Evolutionary biologists have recognized the necessity of understanding the relationship 

between intra- and inter-locus sexual conflict, sexual selection and life-history related traits such 

as time of reproduction and aging rate (Bonduriansky et al 2008, Wedell et al 2006), as well as 
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ecological factors relating to the same, such as nutrition (Amitin and Pitnick 2007, Fricke et al 

2010, Edwards and Chapman 2012, Zikovitz and Agrawal 2013, Mason et al 2016, Schultzhaus 

and Carney 2017) and sex ratios (reviewed in Edwards and Chapman 2010, Nandy et al 2013 a, 

b, 2014, Wensing et al 2017). It is this multifaceted relationship that forms the basic framework 

within which this thesis work has been conducted, i.e. understanding male-female co-evolution 

and sexual selection within the ambit of life-history selection. 

How selection on life-history related traits is affected by sexual selection is crucial to our 

understanding of evolution in sexually reproducing organisms. It is often presumed that life-

history related traits will act to improve both male and female fitness uniformly across sexes, 

whereas sexual selection and sexual conflict will operate in a sex specific manner, constraining 

the evolution of the optimum life-history, and vice-versa (Bonduriansky et al 2008). For 

example, development time shows sexual dimorphism in insects, is a crucial life-history related 

trait and as discussed above, can affect adult fitness in terms of both survival and reproduction 

(Bonduriansky et al 2008, Bonduriansky and Chenoweth 2009). Mate choice by either sex can 

constrain or aid the evolution of traits such as increased body size, a trait that is likely to provide 

a fitness advantage to both males and females, all else being equal (Long et al 2009). Therefore, 

for a more complete understanding of trait evolution, detailed investigation of the interactions 

between natural and sexual selection pressures is essential. 

Finally, sexual selection is believed to be an important factor bringing about reproductive 

isolation between populations that may ultimately lead to speciation. Intuitively, it makes sense 

that reproduction related traits would be fundamental in bringing about speciation. More 

recently, inter-locus sexual conflict has also been implicated in this process (Ritchie 2007), with 

adult ecology being the primary force behind it (Parker and Partridge 1998, Anrqvist and Rowe 
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2013, Ali et al 2017). However, the effect of the interactions of life-history selection and sexual 

selection on reproductive isolation is not very well understood (Maan and Seehausen 2011). The 

large divergence between the FEJ and JB populations in terms of so many important life-history 

traits begged the investigation into possible reproductive isolation, which directly led to the 

results that motivated this study.  

 

Motivation for the Study 

While setting up crosses between JB and FEJ populations for a quantitative genetics study, high 

mortality rate of FEJ females crossed with JB males was observed, indicating a possible decrease 

in inter-locus sexual conflict levels in the FEJ populations (Ghosh and Joshi 2012). Higher post-

mating mortality of FEJ females when mated to control population males, compared to FEJ 

males, could be due to low resistance of FEJ females to mate manipulative proteins transferred 

by JB males, thus eliciting a more severe PMR than mating with FEJ males would have. Given 

that the FEJ females are also smaller in size than their JB controls, I created body size controls to 

the FEJ flies from the JB flies by limiting food availability during development to investigate the 

possibility of size dependent susceptibility to mate harm (Mital 2013). Smaller JB males, similar 

in size to FEJ males, were found to induce a weaker PMR in terms of female longevity, while 

smaller females from the JB genetic background retained resistance to the same. Co-evolution 

with FEJ males that had low levels of mate manipulative traits was suggested as a plausible 

explanation for loss of resistance in the FEJ females (Mital 2013). 

However, since FEJ populations are selected for both rapid development and early 

reproduction, relative to controls, it was not clear if rapid development, and the consequent body 
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size reduction, were primarily responsible for the reduced level of inter-locus sexual conflict in 

the FEJ populations. At the very least, the shorter duration of time available for breeding in the 

FEJ populations could also reduce the competition experienced by males, potentially selecting 

for lower levels of mate manipulation. Moreover, the additional cost of mate manipulation is also 

expected to burden the already limited resources of the small FEJ flies. Thus, both selection 

pressures could have potentially given rise to lower inter-locus sexual conflict in the FEJ 

populations, explaining the results found by Ghosh and Joshi (2012).  

It is worth noting that the role of reduced body size, shorter development time and 

inbreeding have been invoked many times in the past to explain reduction in male competitive 

ability (see Wigby and Chapman 2004, but countered by Rice and Holland 2005). I did not 

actively test for the role of inbreeding in the following work, focusing only on development time 

selection (and therefore a smaller body size) and early reproduction selection. However, my 

approach does enable me to address the possibility of inbreeding giving rise to these traits, if 

only suggestively, and this is discussed in the final chapter. 

A detailed investigation of the contribution of the two selection pressures in lowering the 

inter-locus sexual conflict levels in FEJ populations is what is primarily explored here. First, the 

differences in their breeding ecologies are established, using a behavioural study approach. 

Second, reverse selection is used to tease apart the contributions of selection for rapid 

development and early reproduction, respectively, to lowering the level of inter-locus sexual 

conflict in the FEJ populations.  
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Reverse (Relaxed) Selection 

In the context of laboratory experimental evolution, reverse selection refers to the “reimposition 

of the same selective pressure on derived populations as those of the recent ancestor populations” 

(Teotonio and Rose 2001). Reverse selection is one way of testing the effects of past history of 

selection on the robustness of trade-offs as well as investigating possible reduction in additive 

genetic variation for these traits (Joshi et al 2003, Phelan et al 2003, Archer et al 2003, Teotonio 

and Rose 2001). The reverse selection populations derived from the FEJ regime do not 

experience any selection for rapid development, with one regime experiencing the same duration 

of breeding time as the FEJ, and the other, a longer one. Since these two new regimes differed in 

the time available to flies for breeding, I was able to explore the effects of only this selection 

pressure in reducing inter-locus sexual conflict levels in the populations. The term relaxed 

selection is usually applied to artificial selection experiments, where the reproducing adults are 

no longer chosen by the experimenter in each generation (Falconer and Mackay 1996), as is 

being done in this case (see next section). I will be using relaxed selection in place of reverse 

selection subsequently since the former term describes the study populations more accurately. 

 

Maintenance Protocols of the Study Populations 

The studies reported in this thesis were performed on sixteen outbred D. melanogaster 

populations that have a common ancestry. Four of these populations were selected for faster pre-

adult development and early reproduction and are referred to as the FEJs (Faster developing, 
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Early reproducing, JB derived); the other four are ancestral controls, called the JBs (Joshi 

Baseline). The four control populations are descendants of a single wild-caught population of D. 

melanogaster, called the IV population (Rose and Charlesworth 1981). From this population, 

five B (Baseline) populations were derived, being maintained on a 14-day discrete generation 

cycle under constant light, 25 ±1oC and high humidity on banana-molasses food (Rose 1984). 

After 360 generations from the derivation of B lines, another set of 5 populations were derived, 

one from each B population, called the UUs (Un-crowded as larvae, Un-crowded as adults) 

(Joshi and Mueller 1996) which were maintained on a 21-day discrete generation cycle, keeping 

all other aspects of maintenance the same. After about 170 generations of UU maintenance, the 

four JB populations were derived from the UU-1, 2, 3, and 5 and maintained in a manner similar 

to the UUs in banana-jaggery food medium, in our laboratory in Bengaluru, India (Sheeba et al 

1998). 

For each replicate JB population, about 60-80 eggs are collected into 8-dram glass vials 

(2.2 cm diameter × 9.6 cm height) containing 6 mL of banana-jaggery food. Forty such vials are 

collected per population. On the 12th day after egg collection, by which time all the flies in the 

JB vials have typically eclosed, flies are transferred to fresh food vials every alternate day. On 

the 18th day from egg collection, flies from all 40 vials are collected into a Plexiglas cage (25 cm 

× 20 cm × 15 cm) and provided with a Petri plate of food medium with a generous smear of live 

yeast and acetic acid paste. After three days of yeasting, the flies are allowed to lay eggs for 

about 18 hours on banana-jaggery food. Eggs from this food plate are then collected for the 

initiation of the next generation, thus cycling a generation every 21 days. Populations are 

maintained at a breeding adult number of 1500-1800 flies, under constant light, 25oC ± 1oC and 

about 90% relative humidity.  
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The four FEJ populations (first described in detail in Prasad et al 2000) are derived from 

the corresponding JB populations. The maintenance regime is similar, except that since the FEJs 

are selected for faster pre-adult development, only around the first 20-25% of the eclosing flies 

(per culture vial) are collected to be part of the breeding pool for the next generation. To obtain a 

sufficiently large population size (1500-1800 flies per population) 120 vials are set up per 

replicate population. Vials are checked for the requisite number of flies every two hours from the 

time of darkening of pupae, and once about 15 flies have eclosed in a vial they are collected into 

a Plexiglas cage. The population in the cage is then provided with a generous smear of live yeast 

and acetic acid paste on a banana-jaggery food plate for three days. Flies are then allowed to lay 

eggs for a duration of only one hour after the yeasting period on banana-jaggery food (to 

obtained similar aged eggs allowing efficient selection on development time), from which eggs 

are collected to initiate the next generation. The FEJ maintenance differs from that of the JBs in 

having only the earliest eclosing flies being part of the breeding pool (selection on faster 

development), and in having egg collection for the next generation about three days after 

eclosion (selection for early reproduction). Studies reported in this thesis were mostly conducted 

between generations 510-670 of FEJ selection, when the generation time of the FEJs had come 

down to 10 days due to selection on faster development and early reproduction, compared to 

their ancestral controls. Each of the four FEJ populations has been derived from one JB 

population (matched subscripts) such that, ancestrally, FEJi is more closely related to JBi  than to 

other FEJ populations. To account for ancestry, selected and control populations that share the 

same numerical subscript have been treated as random blocks in the statistical analyses. 

From each FEJ population, two new populations were derived, around generation 600 of 

FEJ maintenance. Both were relaxed for selection for rapid development, collecting all the 
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eclosing flies to become part of the breeding pool. One set of populations was given about three 

days of breeding time after collection into a cage, and being supplied with a paste of live yeast 

over food medium to feed on. These populations were named the Relaxed for Rapid 

development FEJ (RRF). Initially, as their development time was short, they finished eclosion 

by day seven from egg collection, were collected into a cage and yeasted for about three days 

before egg laying media plates were introduced for 18 hours, after which eggs were collected for 

the next generation. As the response to relaxed selection progressed, their development time 

increased and flies were collected into a cage on day eight.  

In the other set of relaxed selection populations, eclosion was allowed to be completed, 

after which flies from each culture vial were transferred into a fresh food vial (vial transfer) as is 

done in JB populations. These were named the Relaxed FEJ (RF) populations. For the first 

seven generations, only a single vial transfer was done, on day nine from egg collection, and flies 

were collected into the cage on day 11, provided with additional yeast on food plates for about 

three days.Eggs for the next generation were then collected on day 14 after allowing egg lay for 

18 hours. Progressively, as with the RRFs, the day of first transfer was postponed to day eight 

and then nine, and eventually two vial transfers were done every generation. Similar to the JB 

and FEJ, each population is referred to as RRFi or RFi, indicating the lineage of JB and FEJ that 

it has been derived from and is ancestrally more closely related to. A complete representation of 

the generation cycles for each regime (at the start of this work) is provided in Fig. 1.1. 
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Standardization and Collection of Flies for Assays 

Since the selected and control populations experience different maintenance regimes, non-

genetic parental effects can be confounded with traits that have evolved in different populations. 

It is, therefore, important to control for this by rearing both control and selected populations 

under similar conditions for at least one full generation before assaying any trait. In this case, 

standardization of the populations is achieved by collecting around 60-80 eggs per vial, with 40 

vials per JB population and 60 vials per FEJ population (egg-adult viability of FEJs is lower than 

JBs, and 60 vials are needed to obtain the requisite adult population size of ~1500 individuals). 

Flies are collected into a Plexiglas cage as soon as eclosion is complete in all the vials, which 

corresponds to the 7th day from egg collection for FEJs and the 11th from egg collection for JBs. 

Since there is a development time gap between the FEJs, RRFs, RFs and JBs, egg collection is 

staggered for populations from different selection regimes to obtain freshly eclosed standardized 

adult flies on the same day. Eggs from the standardized flies are collected to obtain individuals 

for assaying any trait thereafter. 

Work reported in this thesis is from studies on adult traits, and therefore age of the FEJ, 

JB, RF and RRF adults for assays was also synchronized by staggering egg collection from the 

standardized populations according to the difference in the pre-adult development time between 

populations from various selection regimes. Adult flies were housed in groups of 8-10 as early 

life exposure to perceived competition is known to affect male fitness components (Bretman et al 

2009, Nandy and Prasad 2011). 
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Media Preparation 

All study populations were cultured and reared on banana-jaggery food medium, the recipe for 

which is provided in Table 1.1. 

About half to one third the amount of total water is heated along with agar and jaggery, 

allowing both to dissolve. Once the solution boils, a paste of yeast with the retained water and 

additional ethanol is added. Weighed and then peeled banana is also blended with some more of 

the retained water and added next, so as to not allow any lumps to form. Barley is added last, 

blended with the extra water listed in the recipe (Table 1.1). The mixture is allowed to come to a 

boil after which it is cooled down in a water bath to 65oC before the preservative (sodium 

benzoate dissolved in ethanol) is added to it and thoroughly mixed. The media is then poured 

into vials or Petri dishes, as needed. The sequence of addition of ingredients is important to 

prevent lumps and allow proper integration of each into the medium.  
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Table 1.1 List of ingredients for banana-jaggery food medium. 

Ingredients Quantity (1L of Media) 

Banana weighed with peel, 

which is then removed (g) 

205 

Barley (g) 25 

Jaggery (g) 35 

Yeast (g) 36 

Agar (g) 12.4 

Extra Water (mL) 180 

Ethanol (mL) 22 

Benzoate (g) + Ethanol (mL) 2.4 + 23 
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.

 

Fig 1.1 Representation of the discrete generation cycles of the various selection regimes showing 

the various stages of maintenance.  
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Introduction 

Among sexually reproducing organisms, the interaction between the sexes for reproduction sets 

the stage for male-female co-evolution, and inter-locus sexual conflict is expected to be high in 

populations with large potential for sexual selection (Parker 1979, Arnqvist and Rowe 2013). 

Consequently, changing the degree of sexual selection is expected to affect inter-locus sexual 

conflict related traits in males and females. Numerous studies have looked at the consequences 

of experimental manipulation on male-male competition and female choice by subjecting the 

Drosophila model system to artificial selection in the laboratory, either by enforcing random 

monogamy (Holland and Rice 1999, Pitnick et al 2001, Crudgington et al 2005, Hollis et al 2014, 

2017, Wensing et al 2017), or by manipulating the degree of polygamy by changing the 

operational sex ratio (Wigby and Chapman, 2004, Linklater et al 2007, Edwards et al 2010, 

Nandy et al 2013 a, b).  

Monogamy adapted populations have been seen to evolve males that court less (Holland 

and Rice 1999), are worse off in competition for mating or fertilization with males from 

polygamous populations (Pitnick et al 2001, Wensing et al 2017), have reduced ability to 

suppress re-mating in females (Crudgington et al 2005), and have a smaller body size, testis size 

and disproportionately lesser sperm number (Pitnick et al 2001). Females from monogamy 

adapted populations, correspondingly, had reduced fitness when exposed to control or polygamy 

adapted males, in terms of both survival (Holland and Rice 1999), and reproduction 

(Crudgington et al 2005). There is also evidence of changes in expression patterns of genes 

relating to both intra- and inter-locus sexual conflict in monogamy versus polygamy adapted 

populations (Hollis et al 2014, 2017). 
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Similarly, females adapted to a male-biased adult sex ratio have better survivorship in the 

presence of males than do females from a female-biased line (Wigby and Chapman 2004), while 

males from the male biased populations show greater reduction of accessory glands in five 

successive matings, indicating greater investment of accessory gland proteins per mating by 

males adapted to a high competition environment (Linklater et al 2007). Nandy et al (2013 a, b) 

document the increased resistance to mate harm, both in terms of longevity and reproduction in 

females, and improved sperm competitive ability of males, belonging to their male sex ratio-

biased selection regimes, as compared to the female sex ratio-biased ones. Moreover, since 

females bear a non-linearly increasing cost of re-mating (Kuijper et al 2006) the actual frequency 

of matings experienced in the life-time of females can drive both female resistance or avoidance 

behaviour (Rice et al 2006).  These studies, thus, amply demonstrate the role of the sex ratio, 

breeding system and the competition experienced for mating and fertilization, in selecting for 

sexually antagonistic traits in Drosophila sp. The total adult life-span available for reproduction 

can, therefore, be an important determinant of the extent of sexual competition faced by 

individuals in Drosophila populations. Assuming similar probabilities of mating per unit time, 

longer time available for mating will result in higher competition among males, as life-time 

mating rate is expected to be higher in populations with longer breeding durations.  

Life-time mating rate (Kuijper et al 2006), courtship rate (Partridge and Fowler 1990), 

and copulation duration (Gilchrist and Partridge 2000) can all be used as surrogates to establish 

differences in inter-locus sexual conflict. Kuijper et al (2006) have demonstrated, using a 

laboratory adapted D. melanogaster population, the direct fitness costs to females with 

increasing rates of re-mating, where the amount of sperm received remained the same under 

different mating rate conditions. In D. melanogaster, the duration of copulation also seems to be 
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twice that required for sperm transfer alone, with the remaining time probably spent in the 

transfer of accessory gland proteins (Gilchrist and Partridge 2000). Therefore, copulation 

duration itself can be indicative of the investment made by males towards their reproductive 

success. Finally, courtship in D. melanogaster is a pre-requisite for mating and presumably an 

important opportunity for females to assess the fitness of the male. Moreover, courtship is 

energetically intensive, consisting of a large repertoire of male behaviours, and bears a fitness 

cost to males (Cordts and Partridge 1996). An assessment of the courtship rate can, therefore, 

also provide information on the reproductive effort required of a male for successful mating.  

Since the time from eclosion to final reproduction is quite different for the FEJ and JB 

flies (approximately three-four days vs. nine-ten days), and given that both are effectively 

semelparous due to the discrete generation maintenance system, matings that translate into 

realized fertilization success (i.e. fertilization of eggs that are laid on the day at which eggs are 

collected to initiate the next generation) can have a great impact on the effective competition 

experienced by males as well as mate choice exercised by females. That timing of mating can be 

a source of variation in reproductive success among D. melanogaster females has been 

demonstrated by Long et al (2010). Therefore, the pattern of mating and courtship with age is 

crucial for understanding the breeding ecology of the populations studied here. Assessment of 

overall mating and courtship rates alone, without information on fertilization success, would 

grossly ignore the details of male-female post-copulatory interactions and any trade-offs with 

other fitness requirements, like survival until the day of egg collection for initiating the next 

generation.  

In this chapter, mating rate, courtship rate, copulation duration, time till sexual 

maturation (or mating latency of virgins) of females and pattern of fertilization success (for JB 
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populations) has been assessed. The intent has been to understand differences in these aspects of 

their reproductive ecology as a means of establishing whether the difference in age of 

reproduction in FEJs and JBs can act as a selective force in affecting levels of inter-locus sexual 

conflict. 

 

Methods 

For all experiments where mating and courtship rates were studied, standardization of 

populations was not done as the aim was to establish differences in their reproductive ecology as 

experienced in their regular maintenance regimes. Standardization was done for estimating time 

till reproductive maturity and mating duration of the FEJ, JB, RF and RRF populations as 

described in Chapter 1 (Pg 16). In the current chapter, only results from the FEJ and JB 

populations are presented, the RF and RRF results are reported in Chapter 5 of this thesis. 

Finally, to establish the most relevant window of mating in the JB populations, the JB and SE 

(scarlet eye mutant) populations were standardized in banana-jaggery food medium for a single 

generation before conducting the experiment. Our SE population was established by 

introgressing a spontaneously arisen scarlet eye-colour mutation in another D. melanogaster 

control population (MB3) which was derived from a population derived by mixing all the four 

JB populations, but maintained on cornmeal food medium. The SE population is a large, out-

bred population containing ~87% of the MB3 genetic background. 
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Time till female maturation 

To obtain adults of the same age at the beginning of the experiment, FEJ cultures were started 

about 60 hours after the JB cultures were initiated, from the standardized populations, accounting 

for the difference in their egg to adult development times (Satish 2010, A Mital and A Joshi, 

unpubl. data). The egg laying time given was reduced to 30 minutes so as to have a narrow 

eclosion distribution. At the beginning of eclosion, the first few flies emerging were discarded as 

a routine practice in order to collect flies from around the peak of the eclosion distribution, from 

both JB and FEJ cultures. I used flies that had emerged within the same one hour for the assay 

and set up 20 vials with a single pair per vial from each population with fresh banana-jaggery 

food medium. These vials were under continuous observation for a successful mating (recorded 

as a copulation event lasting at least three minutes) starting six hours after pairing of flies. Total 

copulation duration of the first mating was also noted. I used copulation as a read out of 

maturation of adult females, as our aim was to assess the time taken for flies to successfully start 

breeding from the time of eclosion. This usually occurs under presence of yeast supplement paste 

for FEJs and non-yeasted conditions for JBs. Therefore, both treatments were provided, with 20 

vials per treatment, per population. A small smear of yeast-paste on the wall of the vial, close the 

food medium, constituted the yeasted environment. Total observation duration lasted for 56 

hours, or until 80% of pairs per population, per treatment, had mated, whichever occurred first. 

Virgin males that were collected a day earlier from each population were used as the mating 

partners for the females under observation. 
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Courtship and mating rate 

To assess the mating and courtship rates of flies as they were maintained in selection regimes I 

collected flies from JB and FEJ cultures, derived from the running cultures without undergoing 

any standardization, so as to assess breeding ecology differences that flies experience, including 

those due to non-genetic parental effects. The ecology includes the behaviour of the individuals 

in the population and therefore, for my objective, it was necessary to observe the flies in 

conditions very close to their regular maintenance protocol. In case of JBs, flies were collected 

from 12-day old cultures pairing five males and five females per vial (in fresh banana-jaggery 

food medium), setting up 10 vials per population. I chose five pairs to facilitate observations of 

courtship which were difficult to make with more than 10 flies in a vial. Since JB flies 

experience fresh food in vials every alternate day until day 18 from initiation of cultures, I set up 

observation vials similarly. On days 14 and 16 observation vials were again setup as described 

for day 12, except these were from adult holding vials that had previously been transferred to 

fresh food vials on days 12, and 12 and 14, respectively. Therefore, flies were kept in a fresh 

food vials with adult densities similar to those experienced in their regular maintenance until the 

day of observation. The same set of flies in vials were observed for two consecutive days (12-13, 

14-15, 16-17) and then discarded. Since this entire vial phase of adult life is absent in case of the 

FEJ regime, I made these observations only with JB flies. 

For observing flies in the last two days prior to egg lay, I set up 100 pairs of flies per 

Plexiglas cage (22 cm × 18 cm × 18 cm) with a plate of fresh food medium covered with a paste 

of live yeast, as in their regular maintenance. These cages were about half the volume of the 

regular population maintenance cages to approximate as closely as possible the adult density 

experienced by flies. The food plate, similarly, was also about half the surface area of the regular 



	
	

27	

food plates provided during routine population maintenance in cages. This is crucial since 

females tend to feed on yeast and crowd the surface of the food and yeast, which is also where 

most of the male-female interactions take place.  I set up three replicate cages per population. 

Flies were first collected into a regular cage (from holding vials in JBs and culture vials in case 

of FEJs) and then 100 pairs were lightly anesthetized (using carbon dioxide) and transferred into 

each replicate observation cage. In case of FEJs, as in regular stock maintenance, only the first 

~25% of the flies were selected to become part of the breeding pool. 

I took three ‘instantaneous’ observations every four hours (corresponding to one time 

point) starting from day one of observation (i.e. day 12 from JB culture initiation, ~day 6.5 from 

FEJ culture initiation) noting the number of males observed to be performing a courtship 

behaviour (Hall 1968) towards a female and the number of pairs in copula. I assumed every pair 

observed in copula was an instance of a successful mating. Observations were conducted for 144 

hours (six days) in the vials for JBs only and for 72 hours (three days) in Plexiglas cages for both 

JBs and FEJs. The three observations were averaged to obtain the courtship and mating rate for 

that time point. This was continued till the end of the experiment on day 21 from JB culture 

initiation and day 10 from FEJ culture initiation. FEJ cultures were staggered in time so that the 

cage observation for FEJ and JB were made during the same three-day period, thus ensuring 

similar environmental conditions. All observations were made in a quiet room with ample 

ambient light against a white background. The observation vials and cages were left undisturbed 

during the entire observation phase. 
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Estimation of Breeding Success of JB 

Since JB flies experience a long adult life (about 9-11 days), I wanted to assess the reproductive 

success achieved by males that mate on different days after eclosion, since mating continues for 

the entire adult duration. For this, I used females from a similar population with a recessive eye 

colour mutation, scarlet eye (SE). The SE population is homozygous for this mutation and by 

allowing males from the wild type (WT) i.e. JB population to mate with SE females only during 

certain stages of their adult life, while housing them with SE males for the remainder of their 

lives, I was able to assess the reproductive success of the JB males, and which window of 

mating, if any, resulted in maximum offspring production. 

I collected both SE and JB cultures for the experiment at the same time and on day 12 

from their initiation, 24 vials were setup with 10 pairs of flies in each. I split the adult stage of 

the JB flies into four phases depending on the vial transfer and cage collection regime as is 

experienced by the JBs in their regular maintenance protocol. I introduced JB males with SE 

females on day 12 and housed them till day 14 after which the JB males were replaced with SE 

males using light carbon dioxide anesthesia, terming this Phase 1 (P1). Similarly, I housed SE 

females with JB males on days 14 and 15 (P2), 16 and 17 (P3) and 18, 19 and 20 (P4) after 

which the SE females were allowed to lay eggs (in individual vials) for 18 hours.  

To account for anesthesia potentially affecting mating behaviour and therefore 

reproductive success of the males, I introduced fresh males into the breeding vials for all phases, 

irrespective of whether it called for a change in male type. Therefore for P1, fresh SE males were 

introduced into the breeding vials even on days 16 and 18, using light carbon dioxide anesthesia. 
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For P4, since JB flies experience a high yeast environment in the cage, I supplemented the food 

in the vial with a smear of live yeast paste.  

I set up 30 egg laying vials for each phase, sampling five females from each of the 

breeding vials. The SE females were allowed to lay eggs (one female per vial) for 18 hours 

before being discarded and the cultures were maintained at 25oC and constant light for the next 

10-11 days until all flies had eclosed. I estimated the proportion of SE and WT progeny for each 

female and averaged this across females for a particular phase. 

 

Statistical Analyses 

I used mixed model analyses of variance (ANOVA) for all statistical analyses. Average time till 

maturation for a population, mean courtship and mating rate per population and proportion of 

WT offspring averaged across females per population were used as the response variables. 

Tukey’s HSD test was used for comparing individual means and calculating all confidence 

intervals for post-hoc analyses. Since the data is of fractional nature, I also repeated each 

analysis with arcsine square root transformed values to check if there were any differences 

obtained in the significance of the fixed factors. Selection regime and yeasted/non-yeasted 

conditions for time till maturation and copulation duration, selection regime for courtship and 

mating rate assays, and phase for breeding success assay were treated as fixed factors in the 

analysis. Additionally, I checked within the JB population for significance in the differences 

between the vial and cage ecology in courtship and mating rates. All experiments were 

performed on four replicate populations of a selection regime. Replicate populations with the 

same numerical subscript share the same ancestry (FEJi and JBi) and were therefore treated as 
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random blocks in the analyses. All analyses were carried out using STATISTICATM using 

Windows Release 5.0B (Statsoft Inc. 1995). 

 

Results 

Mating and Courtship Rates 

The differences between FEJ and JB lifetime mating (F=1020.928, P<0.001) and courtship 

(F=1372.439, P< 0.001) were statistically significantly (Fig 2.1, Table 2.1) with JBs showing 

considerably higher rates. When the mating and courtship rates only within the cage ecology (the 

last three days of mating of their effective life) were compared, courtship rates were still 

significantly greater for JB than for FEJ, but their mating rates did not differ significantly (Table 

2.2). Although this was expected, the sheer magnitude of difference in the mating rates and 

courtship rates experienced by the FEJ and JB males over their effective lifetime revealed the 

potential for large differences in sexual selection operating in these populations. Moreover, 

although overall courtship rates were very low for FEJ, the results from the analysis of data from 

only within the cages indicated a very low courtship requirement for arousal of FEJ females for 

copulation, given that mating rates in the cage were very similar for JB and FEJ, despite 

courtship rates being much lower in FEJ (Fig 2.2). It is also worth noting that both courtship and 

mating rates drop by almost an order of magnitude for JB when only the cage ecology is 

considered. 
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Maturation Time and Copulation Duration 

Maturation time of the JB and FEJ differed significantly (F= 149.885, P= 0.001), as did the 

copulation duration (F= 15.260, P= 0.029), with JB females maturing faster and mating for a 

longer duration than FEJ females (Figs 2.3, 2.4 Tables 2.3, 2.4). Surprisingly, although a lot of 

work has provided evidence for change in female mating behaviour with adult diet and nutrition, 

these results do not demonstrate any effect of yeasting on female maturation time or copulation 

duration. There was no significant selection-by-environment interaction either (Table 2.3, 2.4), 

indicating a lack of differential effect of yeasting on either FEJ or JB female mating behaviour. 

Female condition (being fed a protein rich diet as adults) is also known to affect male behaviour, 

in terms of increasing male courtship vigour through an increased attractiveness of the female, 

but any such effects on the FEJ or JB males, or differences in these effects, did not manifest in 

the traits assayed here, i.e., mating duration or mating latency of freshly eclosed virgin females. 

 

Breeding Success  

Results from this assay indicated an overwhelming last male precedence in breeding success in 

the JB populations, showing that last window of mating resulted in as many as 80% of eggs laid 

on day 21 from egg collection (Fig. 2.5). There was a significant effect of mating window 

(F=121.625, P= <0.001), with the final mating window of the last two to three days (cage 

ecology) yielding maximum fertilization success in terms of fertilization of eggs laid on day 21. 

The first two days of mating yielded the least success, significantly lower than that of the two 

middle windows of mating (corresponding to day 14 to day 18 from egg collection), with there 

being no significant difference between mating windows two and three, as revealed by pair wise 
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comparisons using Tukey’s HSD (Fig 2.5, Table 2.5). The arcsine square root transformed data 

showed the same pattern of significance as the untransformed data. 

 

Discussion 

Effective Life-time Mating Rate 

The results from the study of breeding ecology of FEJ and JB populations suggest that reducing 

the time available for mating reduces the overall competition experienced by the flies in their 

effective life-time. Although this by itself is intuitive, given the large difference in breeding time 

provided to FEJ and JB populations, I demonstrate here the extent to which this difference, 

coupled with selection for rapid development, can affect the sexual selection scenario in these 

populations. If we were to scale the mating rate results by an appropriate factor (maximum 

possible number of matings achievable), to obtain an expected number of life-time mating 

events, FEJ flies will be projected to experience around one mating event, living effectively 

monogamously (Fig.2.1 (A)). This is in comparison tothe six to eight times that a JB fly is likely 

to mate, using a similar scaling factor (Fig.2.1(A)), demonstrating a major, unintended 

consequence on potential degree of sexual selection of selection for time of reproduction in these 

populations. Given the large body of evidence for changes in male and female reproduction 

related traits with levels of sexual selection (see the Introduction to this chapter), I speculate that 

this difference in their selection regime itself could select for very low levels of manipulation 

and mate harm by the FEJ males. Consequently, the FEJ females would be selected to produce 

weaker, or no defense against post mating manipulation and harm, as a co-evolutionary response. 
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The effectively monogamous nature of the FEJ populations is strong support for its breeding 

ecology selecting for reduced inter-locus sexual conflict. 

This reduction in requirement of high trait value of traits relating to inter-locus sexual 

conflict is also likely to affect the resource requirement and allocation in FEJ flies, either 

allowing them to be even smaller, thus further pushing the boundaries of rapid development, or 

allowing an increased investment in egg production (there is evidence for larger egg size (B M 

Prakash and A Joshi, unpubl. Data) and greater egg per unit dry weight of FEJ than JB (Prasad 

2004, Ghosh-Modak 2009)), or both. Production of Acps is known to be costly to males 

(Chapman and Edwards 2011), and Nandy et al (2013, a, b) have demonstrated a possible trade-

off between inter-locus sexual conflict related traits and other life-history related fitness traits 

such as fecundity and longevity (through body size) in D. melanogaster females. 

 

Maturation Time and Copulation Duration 

FEJ females were found to take far longer from eclosion to first mating, with their mating 

latency being about 10 hours more than that of JB (Fig 2.3). Compared to earlier work on the 

same populations at gen 70 of FEJ selection, this duration seems to have lengthened. One reason 

could be that many more generations of selection have elapsed since that observation (Prasad 

2004), and the larger increase in maturation duration in FEJ (25 hours compared to 16 hours at 

generation 70) as compared to JB (15 hours compared to 12 in the earlier work) is consistent 

with this explanation. However, another possibility could be that I did not provide any 

competitor male as had been done earlier, which would induce greater mating effort on the part 

of males and reduce copulation duration (Bretman et al 2009, Nandy and Prasad 2011). Iconsider 
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this possibility as the mating latency was greater than observed by Prasad (2004) even for JB 

females, in this investigation. 

This difference in protocol, however, cannot explain the overall shorter copulation 

duration seen in both JB and FEJ populations (Fig. 2.4). If anything, lack of a competitor male 

should prevent any interruption of copulation thus lengthening it. Moreover, mean maturation 

time of FEJ females seems to have increased disproportionately, by nine hours compared to that 

of JB, which has increased by three hours, and is expected to be an outcome of selection on the 

FEJ. At this point it is not clear why FEJ females would require even longer to mature. 

Admittedly, their development time has further reduced since gen 70, and possibly, some greater 

aspect of reproductive development has been postponed to adulthood, consistent with the 

argument made earlier (Prasad 2004) to explain why a similar extension of adult maturation 

wasn’t observed in the ACO or ACB populations (Chippindale et al 1997a), which have the 

additional requirement as adults to reproduce as quickly as possible (about 24 hours) compared 

to the three days for FEJ, and had consequently not shown as significant a reduction in their 

development time as the FEJ. 

The reduction in the copulation duration is also interesting in that shorter copulation 

duration would allow more mating in the limited time available, although this is an unlikely 

explanation given our mating rate results under the cage ecology (Fig. 2.1(A)). However, faster 

development and the subsequent body size reduction can result in further restrictions on resource 

allocation towards reproduction. FEJ females mate for around 15 minutes compared to JB 

females that mate for around 25 minutes, on an average (in yeasted or non-yeasted conditions) 

(Fig. 2.4). It has been suggested that in Drosophila, most of the sperm are transferred during the 

first half of mating (Gilchrist and Partridge 2000), the remaining time being spent in the transfer 
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of SFPs responsible for the female post-mating response. A smaller investment in these 

components of the D. melanogaster ejaculate would explain a shorter copulation duration in FEJ, 

also consistent with our argument that FEJ males are less manipulative and harmful to females, 

and that, therefore, females are less resistant (Mital 2013), supporting the idea of reduced inter-

locus sexual conflict in the FEJ populations, compared to JBs.  

 

Effective Life-time Courtship Rate 

Courtship behaviours have long been theorized to be a consequence of either female preference 

(Fisher’s runaway selection: Fisher 1915) or female resistance (chase away selection: Holland 

and Rice 1998). A male fruit fly, simply in order to mate, is required to manipulate/coerce a 

female into mating. This would require males to perform courtship behaviour which includes 

chasing, licking, wing extension and vibration (courtship song), and mounting (Spieth 1974). I 

found large differences in the courtship rates between the FEJ and JB flies (Fig. 2.1(B)), even if I 

only compare the cage ecology (Fig. 2.2 (B)), where the mating rates are similar (Fig. 2.2(A)). 

As in most animals, female fruit flies are courted extensively, and males need to arouse a female 

to a threshold value before the female becomes receptive to mating. It appears that FEJ females 

may have a very low arousal threshold, although I have not specifically tested for this. 

Additionally, the short breeding duration might have selected the FEJ females to be less 

‘choosy’ as at least one instance of copulation is necessary for them to have any offspring and, 

therefore, fitness, at all. A higher maturation time has further reduced the time available for 

mating for FEJ females (Fig.2.1 (A)), making lower courtship requirement and a shorter 

copulation duration even more selectively advantageous. Finally, this period between eclosion 
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and reproduction is also their only opportunity to feed and thereby accumulate additional 

resources for egg production while they are yeasted as adults, yeast being known to significantly 

boost fecundity in this lineage of D. melanogaster populations (Luckinbill et al 1985, 

Chippindale et al 1997b), and thus, make up for the lack of resources acquired during 

development. This can have imposed strong selection on FEJ flies to mate quickly, possibly by 

evolving a lower arousal threshold and, co-evolutionarily, lower courtship effort from males. 

Despite these compelling arguments, the most probable explanation is that the change in 

courtship is simply an outcome of developmental defects or changes in the process of 

development in the FEJ which have evolved a shortening of every developmental stage (Ghosh-

Modak 2009).  

My personal observations indicate that the type of courtship appears to have changed: 

FEJ males perform very little chasing behaviour, a part of courtship prominently seen in the JB 

populations. The reduction in chasing behaviour by FEJ males would also be consistent with it 

being a trade-off to rapid development. I have also observed the FEJ flies to be lethargic with 

regard to both flying and walking as compared to JB. Overall low rates of courtship by males and 

quick receptivity of females upon being courted can, therefore, be explained simply as austerity 

measures, or developmental anomalies. Ruhmann et al (2016) also report that D. melanogaster 

males keep maturing reproductively, especially in terms of increase in accessory gland size, for 

up to six days after eclosion, and younger males tend to have poor sperm competitive ability and 

perform less courtship, as compared to older, more mature males. This is consistent with FEJ 

male behaviour, since these males would be relatively young at the time of their first, and 

probably only mating, as compared to JB males. 
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A final line of argument for low courtship rates despite similar mating rates between FEJ 

and JB can be invoked assuming a chase-away selection model for female choice in D. 

melanogaster (Holland and Rice 1998, Gavrilets et al 2001). The chase away selection model 

suggests that female choice can evolve as a consequence of persistent male mating effort, which, 

in the event of being harmful to females (inter-locus sexual conflict), would give rise to female 

resistance towards such sensory manipulation but would be observed during male-female 

interactions as female bias/preference/choice for high courtship, i.e. some males that succeed in 

arousing the female with great courtship effort, despite the evolved resistance, would seem to be 

selected by her (Holland and Rice 1998, 1999). Any interaction between the sexes has to be 

detrimental to the fitness of one sex to trigger inter-locus sexual conflict, and persistent male 

courtship is known to reduce female survival in D. melanogaster (Partridge and Fowler 1990). If 

so, a reduction in inter-locus sexual conflict via low male-male competition (FEJ are effectively 

monogamous, Fig.2.1), would release the sexes from this co-evolutionary cycle, and appear as 

lack of female choice and male courtship effort. Therefore, it appears that low courtship rates for 

similar mating rates can be driven by female ecological constraints, development time reduction, 

or reduced male-male competition.  

In the following section I discuss results from the breeding success experiment as 

evidence for selection for very high rates of courtship in the JB populations, especially in the 

cage ecology, when mating rates drastically drop. 
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Breeding Success 

JB populations show significant last male fertilization success of eggs laid on day 21 from egg 

collection for the preceding generation, with mating that occurs in the last three days prior to egg 

lay resulting in a large (80%) paternity share (Fig. 2.5). If last male precedence for fertilization 

success (which has been well documented before (Fricke et al 2010, Manier et al 2010, and 

references therein)) occurs in JBs, then such a large paternity share can explain the very intense 

courtship and mating effort put in by JBs in the cage phase, i.e. the last window of mating, even 

though they secure many matings during the earlier vial stages of adult life. The overall low 

mating rate in the cage, however, is not surprising as females are expected to spend more time 

feeding rather than mating, having already secured the required sperm. Arguments for why JB, in 

general, court more than FEJ have been made in the previous section; here, I explore possible 

reasons for a disproportionate mating effort by JB males during the last stage of their adult life, 

in the absence of a correspondingly high mating success. This result also supports the existence 

of large variation in male mating success, a long-standing argument for stronger selection in 

males for exaggerated traits (Bateman 1948, Andersson 1994).  

There is evidence that there can be strong selection on males for achieving mating close 

to egg lay, due to sperm competitive advantage or last male precedence (Fricke et al 

2010,Manier et al 2010, and references therein). Service and Fales (1994) report that delayed 

reproductive senescence evolves in males in lines selected for late age of reproduction, as they 

get a fitness advantage through sperm competition. Strong selection for final mating effort in JB 

populations, which share a common lineage with the stocks used by Service and Fales (1994), is 

plausible, and consistent with expectation. As there is little mating that occurs in the cage, 

reproductive success is likely determined more by chance at this stage, strongly selecting for 
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males to attempt mating. This will impose increased selection on JB females to evolve greater 

resistance to harassment by males, a selection in the direction of increased inter-locus sexual 

conflict following the chase-away selection theory discussed above. 

There is a growing body of work directed at understanding the details behind competitive 

fertilization success, thus explaining last male precedence, including non-sperm components of 

the ejaculate (Harshman and Prout 1994), along with sperm quality (Lüpold et al 2012) and 

cryptic female choice. In this work, I did not attempt to investigate methods by which last male 

precedence may exist in JB females as it was not crucial for answering the question posed in 

Chapter 1. In fact, the greater paternity share from matings that occurred in the final mating 

window might be explained by the fact that females would have already laid eggs that were 

fertilized by earlier matings, before the eggs to start the next generation were collected. 

However, this experiment does demonstrate that increased selection is experienced by JB 

populations for inter-locus sexual conflict related traits, as males experience very intense 

competition, especially in the final stage of their operative adult life, unlike FEJ males, with or 

without the operation of last male precedence. 

 

Conclusion 

Having a shorter pre-adult development time, and therefore a smaller adult body size, can give 

rise to major changes in adult mating behaviour. Since smaller Drosophila males have been 

shown to be less harmful to females post mating (Pitnick and Garcia-Gonzalez 2002), this itself 

could trigger a reduction in overall inter-locus sexual conflict levels in FEJ, as also argued earlier 
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by Mital (2013). Nevertheless, the adult flies of the FEJ populations also experience conditions 

conducive to reduction of inter-locus sexual conflict, at least in part due to the differences in 

their breeding ecology. This begs the question as to what role, if any, has the difference in time 

of reproduction, by itself, played in the reduction of inter-locus sexual conflict in the FEJ 

populations? Would these differences in the adult stage of their life-history give rise to 

differences in inter-locus sexual conflict if selection for rapid development were removed? 

The primary objective behind conducting this set of experiments was to establish whether 

or not selection for time of reproduction acts as a selection force affecting levels of inter-locus 

sexual conflict in the FEJ and JB populations. These results suggest that this aspect of selection 

might be playing such a role, and forms the basis for further work reported in this thesis. 

Investigations into the extent to which the two selection pressures (selection for reduced 

development time and sexual selection, respectively) contribute to the changes in male and 

female reproduction related traits in the FEJ populations, as compared to JB, are discussed in the 

subsequent chapters.   
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Tables 

Table 2.1 Summary of results of a one way ANOVA each for lifetime mating and courtship 

rates. Main effects of selection regime for the two traits are shown. In this design, random factors 

and interaction effects cannot be tested for significance and have been left out for brevity. 

Effect    df  MS  F   P 

Mating Rate   1  0.5502  1020.928  < 0.0001 

Courtship Rate  1  120.2025 1372.439  < 0.0001 

 

 

 

Table 2.2 Summary of results of a one way ANOVA each for mating and courtship rates, only in 

the cage ecology. Main effects of selection regime for the two traits are shown. In this design, 

random factors and interaction effects cannot be tested for significance and have been left out for 

brevity. 

Effect    df  MS  F   P 

Mating Rate in Cage  1  0.0001           4.163   0.1339  

Courtship Rate in Cage 1  0.0010          910.352   <0.001 
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Table 2.3 Summary of ANOVA results for maturation time with selection regime and 

environment (yeasted or non-yeasted) as fixed factors. In this design, random factors and 

interactions with the same cannot be testes and have been left out for brevity. 

Effect    df  MS  F   P 

Selection   1  535.6813           149.885  0.0011 

Environment   1  1.6626    0.203   0.6823 

Selection × Environment 1  1.0137    0.003   0.9542 

 

 

 

Table 2.4 Summary of ANOVA results for copulation duration with selection regime and 

environment (yeasted or non-yeasted) as fixed factors. In this design, random factors and 

interactions with the same cannot be tested for significance and have been left out for brevity. 

Effect    df  MS  F   P 

Selection   1  143.8742 15.260  0.0297 

Environment   1  0.6389  0.646  0.4802 

Selection × Environment 1  0.0867  0.0326  0.8680 
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Table 2.5 Summary of one way ANOVA results for breeding success in JB (proportion of wild-

type) with mating window as a fixed factor. Since random factors and interactions with them 

cannot be tested for significance in this design, they have been omitted for brevity.  

Effect    df  MS  F   P 

Mating Window  3  0.5327  121.625  <0.001 
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Figures 

 

Fig 2.1 A) Mean lifetime mating rating averaged across the four replicate populations of JB and 

FEJ. B) Mean lifetime courtship rate averaged across four replicate populations of JB and FEJ. 

Error bars are 95% confidence intervals around the means. 

 

Fig 2.2A) Mean mating rate in the cage, or the final three days of adult life, averaged across four 

replicate populations of JB and FEJ. B) Mean courtship rate in the cage, averaged across the four 

replicate populations of JB and FEJ. Error bars are 95% confidence intervals around the means. 
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Fig 2.3 Mean maturation time, or mating latency of virgins from eclosion, averaged across four 

replicate populations of JB and FEJ, under yeasted (Y) and non-yeasted (NY) conditions. Error 

bars are 95% confidence intervals around the means. 

 

 

 

Fig 2.4 Mean copulation (mating) duration of the first mating, averaged across four replicate 

populations of JB and FEJ, under yeasted (Y) and non-yeasted (NY) conditions. Error bars are 

95% confidence intervals around the means. 
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Fig 2.5 Mean proportion of JB flies in the breeding success assay that resulted from eggs laid on 

day 21 from egg collection, averaged across four replicate populations, showing success in 

various mating windows. Error bars are 95% confidence intervals around the means.  
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Introduction 

The effect of the degree of polygamy, or level of sexual selection, on traits related to inter-locus 

sexual conflict has been demonstrated in a number of studies (see references Chapter 1, Chapter 

2: Introduction). This prompted an exploration of the effects of selection for early reproduction 

in the FEJ populations, compared to their controls, as a possible explanation for the reduction in 

inter-locus sexual conflict levels, leading to incipient reproductive isolation, (Ghosh and Joshi 

2012, Mital 2013).  Based on the results described in Chapter 2, and the arguments presented 

therein, there is evidence to suggest that selection on time of reproduction could be facilitating 

the evolution of lower levels of inter-locus sexual conflict in the FEJ populations. 

I chose to use an experimental evolution approach to investigate the potential role of 

early reproduction in bringing about an evolutionary reduction in the level inter-locus sexual 

conflict in the FEJ populations. From the FEJ populations, two additional selection regimes were 

derived, each selected for either early reproduction (about three days, as in the FEJ) or later 

reproduction (around eight days), but both relaxed for selection on rapid development. The 

release from the constraint of developing fast would allow these populations to diverge only with 

respect to the time available as adults for breeding. These populations are RRFi (relaxed for rapid 

development, selected for early reproduction) and RFi (relaxed for both rapid development and 

early reproduction). The details of the maintenance and selection protocol of these populations 

have been presented in Chapter 1 (Fig 1.1). 

This method of exploration can also shed light on additional causes of population 

divergence, such as random genetic drift. The JB lineage of D. melanogaster has been 

maintained in the laboratory for at least a thousand generations, around 350 generations since 
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they were brought to this laboratory and re-named the JB (Fig 1.1). The FEJ populations had 

undergone selection for around 550 generations (at the time of initiation of the new relaxed 

selection regimes). Given the strong selection imposed on FEJs for a large number of 

generations, alleles responsible for rapid development, and others that might confer a fitness 

advantage to flies under these conditions of selection, can approach fixation. Theory also 

suggests that number of generations equal to twice the effective population size is long enough to 

expect some evidence of such fixation events due to drift itself, under consistent conditions of 

maintenance (Falconer and Mackay 1996). On populations maintained under a similar absolute 

population size, belonging to the same lineage, and maintained on a similar protocol (albeit 

without intended selection on development time), the probable effective population size has been 

estimated to be <1000 (Mueller et al 2013). Therefore, given the ~ 1500 generations of 

laboratory maintenance of FEJs, together with the imposition of strong, directional selection for 

~550 of those generations, suggests that fixation of alleles at various loci due to selection or 

random genetic drift in these populations could have occurred. It must be noted however, that the 

effectively monogamous nature of the FEJ populations (Chapter 2) would partly ameliorate such 

effects by tending to equalize family sizes, thereby increasing the effective population size. 

Nevertheless, the rate of response of traits to a relaxation of selection pressures would allow us 

to explore this aspect of the populations further, chance being a crucial cause of trait divergence, 

and worthy of consideration as it bears heavily on interpretations of results from such selection 

experiments (Archer et al 2003, Joshi et al 2003, Phelan et al 2003). Further, since populations 

undergoing relaxed selection for rapid development and early reproduction have been derived 

from FEJs once before (Satish 2010), starting at FEJ generation 286 (compared to FEJ 
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generation 550 for RRFs and 557 for RFs in this instance), a comparison of rate of response to 

the relaxed selection in these two sets of populations could be illuminating. 

Since the RF and RRF regimes experience no selection for faster development, I expect 

development time, and consequently body size at eclosion, to increase in these populations 

compared to the FEJs, given the significant fitness costs of rapid development in the FEJs 

reported earlier (Prasad et al 2000, 2001, Prasad 2004, Shakarad et al 2005, Modak et al 2009).  

Furthermore, since the effective adult lifespan is different for the RF and RRF populations, I also 

expect this response to occur at different rates, with increase in pre-adult development time and 

body size to happen faster in the RFs than the RRFs. The longer adult duration in the RFs might 

require more resources for the flies to survive longer, and pre-adult development time and body 

size at eclosion are known to be strongly correlated with longevity in this lineage of flies across 

laboratories (Prasad 2004, Chippindale et al 2004). 

In this chapter, I report the direct response to relaxation of selection for rapid 

development in the RF and RRF populations, checking pre-adult development time, stage 

specific development time, and body size at eclosion. This has been done in order to establish 

their response to the change in selection pressure before proceeding further with the investigation 

of inter-locus sexual conflict. Consistent with past work on other, similar populations (Zwaan et 

al 1995a, Nunney 1996, Chippindale et al 1997a) and the same populations (Prasad et al 2001), 

pre-adult development time was strongly correlated with adult size at eclosion. A comparison 

with the previous instance of keeping RFs (Satish 2010) shows a much slower response to 

relaxation in the present study, indicating a possible decrease in additive genetic variation in 

sFEJs for development time over the 300 or so intervening generations of FEJ selection between 

the two relaxed selection studies.  
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Methods 

Pre-Adult Development Time 

After generations 304, 591, 22 and 42 of JB, FEJ, RF and RRFs, respectively, a pre-adult 

development time assay was conducted as the first check for the response to relaxed selection on 

RF and RRFs. All four populations were standardized, one block at a time, for logistic reasons. 

These standardized populations were provided with live-yeast paste for about three days. A 

‘dummy’ egg collection plate was placed in each cage for an hour to allow more mature eggs 

retained by females to be laid. These were then replaced with another egg collection plate 

(sterile, in terms of eggs) of double agar food medium (same recipe as the banana-jaggery food 

medium with twice the quantity of agar, sugar instead of jaggery, and yeast, only), with a larger 

vertical surface area for egg lay. The vertical surfaces were created by cutting the egg lay media 

along the side of the Petri dish, exposing the vertical surface once the extra media was removed. 

After an hour, eggs from each population cage were scraped onto a sterile agar plate (only agar 

and water with preservative, following the banana-jaggery food recipe) and approximately 70 

eggs were collected, using a fine paint brush and water, into food vials with 6 mL of banana-

jaggery food medium. Ten such vials were prepared for each population. The mid-point of the 

one hour main egg lay window was noted as the set-up time. Around six days after the set-up, 

vials were checked every two hours for eclosion of flies and this continued till all eclosion was 

complete (no darkened pupae were observed in the vial or no new flies had eclosed in six hours). 

At each check, number of eclosing flies, and their sex, was recorded for each vial.  
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Stage-Specific Development Time Experiment 

This experiment was conducted after generations 312, 608, 35 and 60 of JB, FEJ, RF and RRF, 

respectively. For the stage-specific development time experiment, standardization and ‘yeasting’ 

of standardized populations was done as described above. Instead of 10 vials per population, 60 

vials were set up for each with ~70 eggs per vial, as described above. Based on a stage-specific 

development time experiment conducted earlier on the FEJ and JB populations (Ghosh-Modak 

2009), four vials were sacrificed starting at 52 hours from the set-up time for FEJ, RF and RRFs, 

and 56 hours from set up for JBs, every two hours till 76 hours and 80 hours from set up, 

respectively. At each check point, vials were sacrificed by pouring extremely hot water into the 

culture vials, thus killing and halting further development of the larvae. These vials were then 

preserved at -20oC for further investigation. 

Once pupation began, vials were no longer sacrificed but the number of pupae in each 

vial was noted, and each one marked on the wall of the vial with a pen. Checks were conducted 

every four hours for pupation and eclosion with the remaining eight vials. In some cases, due to 

unavailability of eggs from the populations during set up, only 56 vials were set up such that 

only four vials were used for pupal and adult checks. Vials preserved from each of the larval 

checks were thawed and 30 larvae from each culture were sampled, using a fine, soft paint brush. 

These were arranged on a glass slide and mounted with a cover slip using water. The cover slip 

was gently pressed in order to squash the larvae and enable two-dimensional viewing of the 

mouth parts. 

Using the number of teeth on the mouth hooks as the marker, different larval stages were 

identified from each check point and for each population, and the number of larvae in either 
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second or third instar, or in the second-third instar transition stage was noted. The median time 

for the onset of the third instar and pupal stage was calculated. 

 

Dry weight at Eclosion 

From each of the two experiments described above, the eclosing flies were separated by sex and 

stored in vials at -20oC for dry weight estimation immediately after each check. From each 

population, 25 males and 25 females were sampled; five each were placed either in a glass vial 

covered with aluminum foil, with perforations on the cap to allow drying. These were then 

placed in a 60/70oC hot air oven for 36 hours for drying. Flies from each vial were then weighed 

three times on a Sartorius (CP 225D) fine balance, and an average of the three readings was 

taken as the weight of each batch of five flies. 

 

Statistical Analyses 

For each population and each sex, the average egg-to-adult development time in hours, and dry 

weight per fly were calculated and three-way, mixed model analyses of variance (ANOVA) were 

performed with block as a random factor, and sex and selection regime as fixed factors. 

Similarly, egg-to-third instar duration, third instar duration and pupal duration were calculated 

for each population and a two-way, mixed model ANOVA was performed with selection regime 

as a fixed factor and block as a random factor. Tukey’s HSD test was used for comparing 

individual means and calculating all confidence intervals for post-hoc analysis. All analyses were 

run on STATISTICATM using Windows Release 5.0B (Statsoft Inc. 1995). 
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Results 

Pre-Adult Development Time 

The two sets of experiments, one conducted around generation 40 of RRF and 20 of RF 

selection, and the other at generation 60 of RRF and 35 of RF selection revealed a response to 

the relaxation of selection pressure for rapid development, with both these sets of populations 

being significantly slower at developing compared to FEJ (Tables 3.1, 3.2, Figs 3.1, 3.2). This 

response, however was slower than that seen in the RF studied earlier by Satish (2010) which 

were relaxed for ~50 generations: in that study, within 25 generations, RFs were taking about 

210 hours to complete pre-adult development, while the results from the present assays show 

RFs still taking 160-170 hours to complete development even after 35 generations of relaxation 

(Fig 3.2). In fact, the second assay of pre-adult development time showed RFs and RRFs taking 

less time, despite continued relaxation for rapid development, compared to the first round of 

assaying. This is probably due to environmental differences as the overall development time 

across all selection regimes was reduced, as much as about 10 hours for FEJ, RF and RRF and 

about five hours for JBs. These results show that a very small percentage of the ancestral trait 

value was recovered despite more than 35 generations of relaxed selection. Satish (2010) also 

found the response to have plateaued after 25 generations of relaxation, with no further increase 

even after 50 generations of RF maintenance. It appears that this stage of plateau was reached by 

the new RFs around 20 generations or before, and their development time increased only by 

about 10 hours in that time.  

Although RRFs had undergone many more generations of relaxed selection, having a 

shorter generation time, their development time was significantly less than that of the RFs in 
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both assays (Figs 3.1, 3.2). The lack of a significant main effect of sex in the first assay was 

unusual (Fig 3.1), although I did find the effect of sex to be significant in the second assay (Table 

3.2). Overall, females developed faster than males, as is expected in D. melanogaster. 

 

Stage-Specific Development Time  

Results from this assay demonstrate that the egg-to-third instar and third instar durations were 

significantly greater for RRFs and RFs compared to the FEJ (Fig 3.3 A, B), but this was not the 

case for pupal duration (Fig.3.3 C). These differences in egg-to-third instar and third instar 

durations accounted for most of the total development time difference between the FEJ and the 

two relaxed selection regimes. Earlier work on the FEJs revealed that the second instar duration 

is the last to respond to selection for rapid development, while the third instar is the first (Prasad 

2004, Ghosh-Modak 2009). It was speculated that the second instar probably is an important 

stage in the development of the fruit fly, while third instar, which largely consists of the resource 

accumulating stage after attainment of critical mass for pupation, is more plastic and reduction in 

this stage will therefore contribute substantially to reduction in overall development time without 

significantly compromising crucial developmental processes (Prasad 2004). In this case, the 

recovery of longer development time through the larval stages, with no significant difference in 

the pupal duration is very telling. It confirms the likely importance of the larval stages for 

development and might also indicate a lack of genetic variation in the FEJ population at this 

stage of selection for pupal duration, but not for the larval stages.  
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These findings are in contrast to the results obtained by Satish (2010) wherein both larval 

and pupal stages showed a similar contribution to overall increase in pre-adult development time 

in the relaxed selection populations, with larval durations contributing slightly more (~56%).  

 

Dry Weight at Eclosion 

The results of dry weight measured at eclosion were consistent with expectation, with the RRFs 

and RFs weighing slightly more than the FEJ and significantly less than JB flies (Figs 3.4, 3.5, 

Tables 3.4, 3.5). Females weighed more than males, although in the first assay this effect was not 

significant (Table 3.4), as was the case for the effect of sex on pre-adult development time. The 

overall dry weight also was lower for all populations in the second assay, as was pre-adult 

development time. These differences in significance levels as well as overall trait values are 

likely to be due to environmental differences in temperature or humidity from assay to assay, as 

development time and weight at eclosion are known to be highly sensitive to such environmental 

factors. Overall, the response to relaxation of selection for rapid development was reflected in 

the dry weights of the flies at eclosion, but no significant difference was seen between the RFs 

and RRFs, although RFs showed slightly longer development times than RRFs.  

 

Discussion 

 

The RF and RRF pre-adult development times were found to be higher than those of FEJs, this 

difference increasing with continued relaxation of selection on development time between the 

two assays (Figs. 3.1, 3.2) After 40 generations of RRF and 20 generations of RF selection, the 
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pre-adult development time was about eight and ten hours more than that of FEJ, respectively, 

while after 60 generations of RRF and 35 generations of RF selection, these differences went up 

to around 15 hours and 20 hours, respectively. In the previous instance of RF selection (Satish 

2010), after 25 generations of relaxation, RFs took 210 hours to complete development. Since 

FEJs were not assayed along with the RFs at the time (Satish 2010), the exact difference is not 

known. However, FEJs were taking around 160 hours to complete development from egg stage 

before the RFs were started by Satish (286 generations of FEJ selection), and there has been no 

reduction in their development time any further since. Therefore, by the time 25 generations of 

the earlier RF selection had elapsed, the RF populations were taking about 50 hours longer to 

develop compared to the FEJs, although this reached a plateau and no further increase in RF 

development time was seen after this. Since there is a cost to developing fast, in terms of pre-

adult survivorship and body size at eclosion, (Chippindale et al 1994, Zwaan et al 1995a, Nunney 

1996, Prasad et al 2001), the slower response to relaxed selection seen in the present study could 

be due to a further loss in additive genetic variation for development time in FEJs in the 

intervening generations. This is not surprising since FEJs have undergone strong directional 

selection for almost 300 more generations since the previous instance of RF initiation. This 

finding is consistent with the erosion of genetic variation for traits under strong directional 

selection (Falconer and Mackay 1996).  

This is in contrast with the comparison made by Satish (2010) between the FEJ and the 

ACO populations (Teotonio and Rose 2000, Teotonio et al 2002) comparing two reverse selected 

regimes that were both derived from faster developing selection regimes, which was done in 

order to trace the rate of response back towards the ancestral trait values. Despite FEJs having 

undergone an additional 100 generations of selection compared to the ACOs, at the time of 
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starting the reverse selection populations, the trajectory of RF response was parallel to that of the 

RACOs, with ~75% of ancestral trait value being recovered in ~50 generations. The rate or 

degree of response to relaxed selection can be affected by reduced genetic variation, new 

patterns of epistasis or genotype-by-environment interactions (Teotonio and Rose 2001). Since I 

have not compared two different sets of selected populations, but the same set separated by ~300 

generations of forward selection, the more likely causes of seeing much slower reverse evolution 

trajectories are new patterns of epistasis or the loss of additive genetic variation for development 

time during the additional 300 generations of forward selection. With most of this increase 

occurring during the larval stages (Fig 3.3 A, B), and very little contribution of the pupal stage 

(Fig. 3.3 C), unlike the results found by Satish (2010), it appears that genetic variation for pupal 

duration might have been lost in the FEJs by the time of the present study.  

Results from the first development time assay also showed no significant effect of the 

sex-by-selection interaction on development time or dry weight at eclosion, but dry weight at 

eclosion in the second assay did reveal greater differences between males and females in JBs 

compared to FEJs, consistent with earlier work (Prasad et al 2000).The most likely cause of this 

is an effect of the assay environment, as development time is known to be affected by minor 

environmental changes. A significant reduction in sexual dimorphism for egg-to-adult 

development time and body size at eclosion was a prominent feature of forward selection for 

rapid development (Prasad et al 2000), reflecting that either the means of resolution of intra-

locus sexual conflict were unavailable, or differences in optimal trait values for the two sexes 

were reduced (Rhen 2000). Relatively recent work has demonstrated the feminization of gene 

expression patterns in D. melanogaster populations maintained under random monogamy 

compared to populations of the same origin but maintained under polygamy (Hollis et al 2014). 
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A reduction in levels of sexual selection is expected to give rise to similar ‘evolutionary 

interests’ for the two sexes, possibly reducing ontogenetic conflicts (Prasad et al 2006). 

Therefore, the effectively monogamous adulthood of FEJs might have contributed to the 

convergence of the optimal body sizes of the sexes seen in FEJs (Fig 3.5). These reduced 

differences between sex-specific body sizes might also be due to selection for extremely rapid 

development where both males and females are at their natural selection limits for rapid 

development, and any scope for expressing sex specific optima is eliminated.     

It is worthwhile to note that the protocol used for these development time assays was 

slightly different from those used earlier in this lab. I chose to use an egg density of ~70 eggs/ 6 

mL of food compared to 30 eggs/6 mL of food. This increase in egg density does not give rise to 

any larval crowding related effects; it is low enough to prevent any limitation of food and, 

therefore, any scramble competition. This change from established protocols was made in order 

to estimate development times in assay conditions resembling culture conditions as closely as 

possible. Moreover, this was useful during the stage specific development time assay where I 

was able to successfully sample 30 larvae per culture for every time point, without any 

compromise on sample size which might have occurred due to accidental damage of larvae 

during removal from the food medium. 

Both RFs and RRFs showed a clear increase in pre-adult development time compared to 

the FEJs, with RFs being even slower developing than the RRFs, despite fewer generations of 

relaxation (Fig 3.1, 3.2). Selection for a longer adult life probably selects RFs indirectly for 

greater resource acquisition and body size i.e. reverse selection (longer development time) and 

not just relaxed selection, as in the RRFs, resulting in the two new regimes experiencing 

different degrees of selection. 
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To conclude, the response to relaxation of selection on development time was established 

in the assays reported in this chapter, and the subsequent chapters investigate differences 

between RFs and RRFs in terms of sexually selected and inter-locus sexual conflict related traits, 

exploring the possible role of differences in timing of reproduction in mediating the evolution of 

these traits. 
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Tables 

Table 3.1 Summary of mixed model ANOVA for pre-adult development time with selection 

regime and sex as fixed factors and block as a random factor, after generations 20 of RRF and 15 

of RF selection. This design does not permit testing of significance for random factors and 

interactions and these results have been left out for brevity. 

Effect    df  MS  F   P 

Selection   3  8454.195     163.216  <0.001	

Sex    1  17.589      45.010  0.006	

Selection x Sex  3  0.4378      0.411   0.748 

 

 

 

Table 3.2 Summary of mixed model ANOVA for pre-adult development time with selection 

regime and sex as fixed factors and block as a random factor, after generations 60 of RRF and 35 

of RF selection. This design does not permit testing of significance for random factors and 

interactions and these results have been left out for brevity. 

Effect    df  MS  F   P 

Selection   3  10775.0166      70.360  <0.001 

Sex    1  43.2682      82.967   0.002 

Selection x Sex  3  0.0597       0.223   0.877 
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Table 3.3 Summary of one way ANOVAs with selection regime as a fixed factor performed on 

replicate population means for various developmental stages, after generations 60of RRF and 35 

of RF selection. This design does not permit testing of significance for random factors and 

interactions and these results have been left out for brevity. 

Effect    df  MS  F   P 

Selection 

a) Egg-to-third instar 3  138.9100      60.873  <0.001 

b) Third Instar  3  620.1373      75.545  <0.001 

c) Pupal   3  1494.01      24.088  <0.001 

 

 

 

 

Table 3.4 Summary of mixed model ANOVA for dry weights at eclosion with selection regime 

and sex as fixed factors and block as a random factor, after generations 40 of RRF and 20 of RF 

selection. This design does not permit testing of significance for random factors and interactions 

and these results have been left out for brevity. 

Effect    df  MS  F   P 

Selection   3  80.3914 × 10^-9    34.161  <0.001 

Sex    1  30.838 × 10^-9      9.714  0.052 

Selection × Sex  3  2.2845 × 10^-9      1.090  0.400 
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Table 3.5 Summary of mixed model ANOVA for dry weights at eclosion with selection regimes 

and sex as fixed factors and block as a random factor, after generations 60 of RRF and 35 of RF 

selection. This design does not permit testing of significance for random factors and interactions 

and these results have been left out for brevity. 

Effect    df  MS  F   P 

Selection   3  1.1667 × 10^-6     104.118  <0.001 

Sex    1  2.178 × 10^-7     2010.461  <0.001 

Selection × Sex  3  2.5008 × 10^-8      11.169   0.002 
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Figures 

 

 

	

 

Fig 3.1 Mean pre-adult development time of FEJ, JB, RF, and RRF males and females, averaged 

across four replicate populations, after 40 generations of RRF and 20 generations of RF 

selection. Error bars are 95% confidence intervals around the means. 
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Fig 3.2 Mean pre-adult development time of females and males averaged across four replicate 

populations, after 60 generations of RRF and 35 generations of RF selection. Error bars are 95% 

confidence intervals around the means. 
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Fig 3.3 (A) Mean egg-to-third instar duration, (B) mean third instar duration, (C) mean pupal 
duration of FEJ, JB, RF, and RRF, averaged across four replicate populations, after 60 
generations of RRF and 35 generations of RF selection. Error bars are 95% confidence intervals 
around the means. 
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Fig 3.4 Mean dry weights at eclosion of FEJ, JB, RF, and RRF males and females, averaged 

across four replicate populations, after 40 generations of RRF and 20 generations of RF 

selection. Error bars are 95% confidence intervals around the means. 
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Fig 3.5 Mean dry weights at eclosion of FEJ, JB, RF, and RRF males and females, averaged 

across four replicate populations, after 60 generations of RRF and 35 generations of RF 

selection. Error bars are 95% confidence intervals around the means. 
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Introduction 

Having established that the RF and RRF populations have responded to relaxed selection for 

rapid development, I next explored the effects of differences in time of reproduction between 

these populations on inter-locus sexual conflict related traits, and these studies are discussed in 

this chapter. 

The degree of inter-locus sexual conflict can be assessed either by investigating the post 

mating effect males have on females or by assessing the investment males make into such 

manipulations. From the male perspective, assessment of the level of courtship (Partridge and 

Fowler 1990), mating rate (for example; Rice 1996, Wigby and Chapman 2004, Wensing et al 

2017) and quality of ejaculate, including sperm and seminal fluid proteins (Linklater et al 2007, 

Nandy et al 2013a), can be made. These traits however, are difficult to assay. It is easier to 

examine the response in female fecundity or life-span, after controlled exposure to mates, as both 

these fitness related traits are implicated in the female post-mating response and are 

manifestations of inter-locus sexual conflict in D. melanogaster (Partridge et al 1986).  

Based on the results reported in Chapter 2, there is sufficient reason to expect differences 

in breeding duration to affect levels of inter-male competition for fertilization of eggs between 

FEJs and JBs. Since RF and RRF selection regimes differ only in the time available for breeding, 

exploring inter-locus sexual conflict in these populations can reveal if selection for early 

reproduction could have contributed towards reduction in inter-locus sexual conflict in the FEJs. 

If so, differences in levels of sexual conflict can also be expected between the RFs and RRFs, 

despite their similar body sizes. 
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Furthermore, RFs and RRFs have responded to relaxation of selection for rapid 

development with an increase in pre-adult development time and body size at eclosion (Chapter 

3). Since FEJ, JB, RF and RRF exhibit a range of different body sizes among them and have 

shared common ancestry with a four-fold replication within each type, they form a unique 

system with which to conduct comprehensive and sufficiently conclusive studies to establish the 

relationships between adult body sizes and inter-locus sexual conflict, adult body size being a 

trait known to be correlated with sexual selection and conflict (Partridge et al 1987 a, b, Pitnick 

1991, Pitnick and Garcia-Gonzales 2002, Mital 2013). I expect body size to be an important 

explanatory variable for studies reported in this chapter with sexual conflict levels predicted to 

be different between FEJs and RRFs, and between JBs and RFs given the differences in their 

body size, despite similar breeding durations. 

Since inter-locus sexual conflict is a product of male-female interaction the effects of 

such interactions (for instance, type of ejaculate and the female physiology) need to be 

specifically addressed. This may be done by exposing all males to a common female type, or 

vice-versa. However, since this is a co-evolutionary process, information on the outcome of 

interactions between males and females from the same population may be missed if common 

partners are used to assess the effects of different male and female types. 

I chose a fully factorial experimental design where every female type was exposed to 

every male type to investigate the effects of male type, female type, as well as co-evolutionary 

outcomes of male-female interactions, via statistical interaction effects between male type and 

female type.  
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One of the first changes that occur in a female after mating is an increase in egg output 

(Wolfner et al 1997, 2009 and references therein). This is mediated by an accessory gland 

protein, Ovulin, also called Acp26A (Chen et al 1988, Herndon and Wolfner 1995, Heifetz et al 

2000), and the sex peptide (SP), also called Acp70A (Chapman et al 2003, Lui and Kubli 2003). 

The sex peptide has also been implicated in mating costs to females in terms of survivorship 

(Wigby and Chapman 2005). Assuming a limit on the total number of eggs produced by a female 

in her lifetime, a higher egg lay during the time that sperm from the most recent mating are still 

stored in the female, coupled with the manipulation of female behaviour to prevent re-mating 

(Chen et al 1988), ensures that the male sires a higher proportion of the progeny produced by his 

mate, than would have been the case otherwise. This is a clear fitness advantage for the male but 

may not be in the evolutionary interest of the female (Chapman et al 2003, Anrqvist and Rowe 

2013). Therefore, to obtain a complete picture, the effect of mating with a male on the life-time 

reproductive success of the female needs to be assessed.  

In the experiments described here, the effects of mating with males from different 

selection regimes ont he mortality rate and fecundity of females were checked. Cumulative 

mortality was recorded over fourteen days from the set-up (flies were a day old at the time of set-

up), whereas fecundity was checked from day one to five after set-up only. Since FEJ adult life-

span is effectively about four days, four days was a reasonable time period over which to 

estimate any differences between the populations with respect to their life-time reproductive 

success, as affected by the mate provided to them. Cumulative mortality assessment was 

restricted to the duration of fourteen days from the set-up, since this duration is sufficient to 

assess any differences in male effects on female mortality (Mital 2013), due to the high intrinsic 
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mortality of the FEJ females. Although the life-span for each female was also recorded, analysis 

was done only on data for the first 14 days after set-up.  

Additionally, the dry weight of adults at the time of assay set-up was also recorded as the 

weight of flies is known to change in the first few days after eclosion (Djawdan et al 1996), and I 

wished to capture the body size differences between the different types of flies, as they were at 

the start of the assay. I also limited the exposure to males to only 50 hours, to closely resemble 

the conditions from a previous assay (Mital 2013), as well as limit the time that males were 

allowed to interact with (and possibly harass) females, as this is known to have an effect on 

female survival (Partridge and Fowler 1990, Friberg and Arnqvist 2003). The short exposure also 

ensured that there were unlikely to be major differences in the number of matings achieved by 

the males, and the results are, therefore, likely to reflect the effects of minimum possible 

exposure to males (Mital 2013). 

The above measures were taken to approximate the assay conditions as closely as 

possible to those that the populations are adapted, to allow meaningful inferences of the results, 

relevant to the specific life-history of the populations under study (Sgrò et al 2000, Rice et al 

2006, Long et al 2010). Work done earlier on a set of populations that belong to the same lineage 

of D. melanogaster as the JB showed that selection for late life reproduction can significantly 

affect traits related to male competitive ability (Service 1993, Service and Fales 1994), as well as 

their ability to induce a high fecundity response soon after mating (Service and Vossbrink 1996), 

in an age dependent manner. 
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Methods 

Male Toxicity Assay- Post Mating Female Mortality 

Two assays of male toxicity effects were conducted, one after 17 and 36 generations of RF and 

RRF selection, respectively, and the other after 36 and 63 generations of RF and RRF selection, 

respectively. As each population had a different generation time, it was not possible to 

synchronize the experiments to the same passage of ‘evolutionary’ time for the four types of 

populations. At a time, populations representing all four selection regimes in one block were 

assayed simultaneously. These assays were also conducted close to the development time 

experiments reported in the previous chapter, in order to allow easy inference with respect to the 

direct response to relaxed selection in RF and RRF populations. 

From each standardized population (as described in Chapter 1), cultures were initiated 

with each population staggered in a manner such that adults emerged together. These 

development time estimates were based on our observations during their regular maintenance, or 

on the most recent development time experiments. Freshly eclosing adults were collected every 

six hours to ensure virginity and placed in vials, with others of the same sex, after segregation by 

sex over light carbon dioxide anesthesia. Once the required number of males and females had 

been collected from each population, crosses were set up after ~12 hours to reflect all possible 

combinations of male and female types (selection regime). For each combination, 30 vials were 

set up with single pairs in each. Fecundity was checked on the first four days. After 50 hours of 

housing, the males were removed without anesthetization (using the vial flipping technique). 

After four days of housing for fecundity, 20 vials from each treatment were retained to estimate 

mortality once every day, providing fresh food to the females every alternate day until all 
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females died. I calculated cumulative mortality over 14 days for each treatment, from the set-up 

day.  

 

Male Toxicity Assay- Fecundity over Four Days 

Over the first four days of this assay, females (with or without male partners) were kept in vials 

with a very thin layer of banana-jaggery food medium (<1 mL) just enough the cover the surface 

of the vial. The food was poured very carefully in order to ensure the walls of the vial were clean 

as flies would tend to lay eggs on vertical food surfaces, such as food on walls, making it 

difficult to count. Since eggs begin to hatch around 24 hours after egg lay, females were moved 

to fresh egg laying vials each day for the first four days. These measures facilitated easy and 

accurate estimation of egg number in each vial. Fecundity over the first two days was assayed in 

the presence of males, the second two days in the absence of males. Eggs in each vial were 

counted and under a microscope, and the numbers recorded, immediately after females were 

transferred to a fresh vial. Average fecundity of the 30 females from each population was used as 

the response variable. 

 

Dry weight 

At the time of setting up of the 16 male-female combinations, a set of 25 flies was saved and 

stored at -20oC to be assayed for dry weight later on. Although a set of dry weight estimates was 

taken close to these set of experiments from the same selected populations (Chapter 3), weight of 

the flies changes for a few hours and days after eclosion as reproductive maturation continues 
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and the excreta from their metamorphosis is discarded. Therefore, this assay was done to have an 

accurate estimate of the differences in their body mass at the time of the male toxicity assay. 

After the fecundity experiment was completed, five flies each were setup in glass vials, with five 

replicates per sex, per population for drying and subsequent measurement (see methods section 

in Chapter 3).  

 

Statistical Analyses 

All statistical analyses were done on STATISTICATM using Windows Release 5.0B (Statsoft Inc. 

1995). Mixed-model analysis of variance (ANOVA) was performed with male type and female 

type (type= selection regime) as fixed factors, and block as a random factor. Since mortality data 

were fractional, ANOVA was also performed on the arcsine square root transformed data set to 

see if treatments showed differences in the two analyses for significance. Tukey’s HSD test was 

used for comparing individual means and calculating all confidence intervals for post-hoc 

analyses. 

 

Results 

 

Post Mating Female Mortality 

In both the male toxicity assays, a significant main effect of both male type and female type was 

seen, with JB males causing highest induced mortality in females, while FEJ females had the 

highest mortality within fourteen days from set-up (Tables 4.1, 4.2, Figs, 4.2, 4.4). Figures 4.1 
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and 4.3 show that FEJ female mortality after mating was consistently high, irrespective of male 

type. The interaction of male and female type was significant only in the second assay, showing 

that FEJ female mortality when mated with FEJ males was low, but was high when mated with 

males from the other three types of populations (Fig 4.3). It appears from these results that the 

intrinsically high mortality of FEJ females (either due to mating stress or otherwise) is resulting 

in a significant main effect of female type. 

 Neither mortality induced in females by RF and RRF males (Figs 4.2 A, 4.4 A), nor RF 

and RRF female susceptibility to male toxicity (Figs 4.2.B, 4.4 B) significantly differed from 

each other. Main effects of RF and RRF males and females were both intermediate between main 

effects of FEJ and JB males and females, respectively, and body size differences between the 

populations could explain these results (Figs 4.11, 4.12). Unlike earlier work, a disproportionate 

increase in female susceptibility (seen earlier in FEJ females, Mital 2013), over and above body 

size differences, was not seen in any population in this assay. All arcsine square root transformed 

data showed the same pattern of significance as untransformed data. 

 

Fecundity over Four Days 

 Fecundity of females was examined over the first four days after the set-up of the male toxicity 

assay, and the results again revealed a significant main effect of both female type and male type 

(Figs 4.5, 4.7, Tables 4.3, 4.4). Fecundity seemed to be directly related to female body size, with 

JBs showing maximum, FEJs minimum and RFs and RRFs intermediate fecundities (Figs 4.11, 

4.12). The RF and RRF populations again did not differ significantly from each other in 

fecundity. A significant main effect of male type on female fecundity was seen. RFs seemed to 
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induce maximum egg lay, although the absolute difference in egg output was not more than two 

eggs (Figs 4.5 B, 4.7 B). In the first assay there was no significant interaction of male type-by-

female type (Table 4.3), whereas in the second assay a significant male type-by-female type 

interaction was seen (Table 4.4), showing RF males inducing greatest egg lay in RF females in 

the second assay.  

To examine the effect of male presence on female egg output, the fecundity results of the 

first two days were compared with those from the second two days, after the male was removed. 

A significant interaction effect of male presence-by-female type was seen in both assays (Tables 

4.5, 4.6), indicating that different female types responded differently to male presence. JB 

females tended to lay significantly more eggs in the presence of males (Figs 4.9, 4.10). In the 

first assay, FEJ, RF and RRF females did not differ in fecundity regardless of male presence or 

absence, whereas in the second assay FEJ females laid significantly more eggs in the absence 

than in the presence of males. The significant main effect of female type was retained, as seen in 

tables 4.5 and 4.6. 

 

Dry Weight 

Both dry weight assays revealed a significant main effect of selection, sex and selection-by-sex 

interaction (Tables 4.7, 4.8, Figs 4.11, 4.12) with the male-female body size difference most 

pronounced in the JBs, least in the FEJ and similar between the RFs and RRFs. The crucial result 

here is, again, the lack of any significant difference between the RF and the RRF body sizes. 

Since these flies were weighed when they were about a day old, compared to freshly eclosed 
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flies (Chapter 3), some amount of weight was likely shed as the flies became sexually mature, 

and sex-specific differences might, therefore, have become more pronounced. 

 

Discussion 

The post mating response of females can be used to assess the level of inter-locus sexual conflict 

as it is indicative of both the effect of different types of males on female fitness components after 

mating, as well as the extent of resistance that different females may mount against such 

manipulations by males. Flies from the four different types of selection regimes were used, with 

two of these selected for early reproduction (about three days of adult life: FEJ and RRF) and 

two for later reproduction (about seven days and eleven days of adult life: RF and JB). By 

exposing each of the four different types of females to each of the four different types of males, I 

attempted to distinguish between male manipulation as well as female defense, as readouts for 

inter-locus sexual conflict. The focus of the work presented in this chapter was to assess if 

differences in breeding duration mediate changes in inter-locus sexual conflict levels. 

 

Post Mating Female Mortality 

The mortality assay results show female type having a significant effect with the smallest 

females showing maximum mortality in the 14 day period that was examined. There was also a 

significant effect of male type, with JB males causing most harm, and the pattern suggesting that 

this effect of increased mortality of mates could be related to male body size. The lack of a 

significant male type-by-female type interaction in the first assay suggests that the primary 
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explanatory factor for both male ability to induce harm and female resistance to that harm is the 

selection regime the respective flies come from. Although this interaction was significant in the 

second assay, the trend was not starkly different, with FEJ females still showing high mortality 

with JB, RRF and RF males, which tended to induce greater female mortality, on average, and 

low mortality only with FEJ males that tended to induce lower female mortality, on average. 

Similarly, FEJ female mortality was higher than JBs, even when averaged across mate identity, 

while RF and RRF females showed greater average mortality than JB females and slightly less 

average mortality than FEJ females. Since these patterns correspond well to the body size 

difference of flies from the four selection regimes, and larger body size of males is known to 

contribute towards increased harm to females upon mating in D. melanogaster (Pitnick and 

Garcia-Gonzales 2002, Wigby et al 2016), which was also demonstrated earlier in the FEJ and 

JB populations (Mital 2013), body size differences may explain these results.  

A similar assay was conducted earlier in this lab with size control flies for FEJ (in JB 

genetic background) specifically to investigate the effects of body size on female post mating 

mortality (Mital 2013). Results from that assay revealed a significant interaction between male 

type and female type, with FEJ females showing high susceptibility to JB males, while the size 

control JB females (as small as the FEJ females) did not show a similarly high susceptibility to 

the large JB males, indicating that post mating female mortality was governed more by genetic 

background than by body size. The protocols used in both assays were almost identical, with 

females being exposed to males for only 50 hours, and cumulative mortality of singly housed 

females recorded over 14 days, and therefore, can be directly compared. If differences in inter-

locus sexual conflict were indeed driven largely by differences in selection for time of 

reproduction, we should have observed FEJ and RRF females with JB males to have a 
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disproportionate increase in mortality rate. The results presented here implicate only selection for 

rapid development (and possibly changes correlated with it, such as adult body size) in affecting 

inter-locus sexual conflict related traits. Therefore, the differences in time of reproduction 

between FEJ and JB populations do not appear to have given rise to the genetic architecture that 

confers high tolerance to smaller JB females. In the current assay RF and RRF females showed 

higher mortality than JB females, and RF and RRF males also induced greater mortality in FEJ 

females, corresponding with their body size differences. In this experiment, however, it is not 

possible to tease apart the effects of body size similarity between the RFs and RRFs, on the one 

hand, and FEJs on the other, and closer degree of relatedness of the RFs and RRFs to the FEJs, 

compared to the JBs. 

I would like to point out some minor differences between the protocols of the earlier 

assay (Mital 2013) and the current assays presented in this chapter. In the earlier assay, only 10 

females were set up to check for mortality compared to 20 females in this assay, which provides 

this set of assays with a larger sample size for analysis. Additionally, since fecundity was also 

checked for the first four days in the current assays, only females that survived the first four days 

were set up for mortality such that at least 20 females were available for every male type-by-

female type combination at the start of the mortality checks. This could result in selection of 

females that were slightly better at surviving post-mating stress, and therefore, would yield 

overall lower cumulative mortality values. The cumulative mortality values seen in the current 

assays are indeed slightly lower than those seen earlier (Mital 2013).  

The strongest evidence, however, that breeding ecology does not seem to give rise to any 

major differences in either male mate harming ability, or female resistance to post mating 

manipulations, comes from the comparison of the flies from the RF and RRF regimes. In none of 
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the results described above is there a significant difference between the RF and RRF males in 

eliciting either increased fecundity (Figs.4.5- 4.8) or increased mortality (Figs.4.1-4.4), 

countering the hypothesis proposed in Chapter 2 of this thesis. This strongly suggests that the 

duration of adult life until reproduction, per se, does not seem to have any major effect on the 

levels of inter-locus sexual conflict in these populations. 

 

Fecundity over Four Days 

A significant main effect of female type in both fecundity assays revealed a significant difference 

between the selection regimes, with the FEJ having the least and JB the highest fecundity (Figs 

4.5, 4.7). Evidence that fecundity in female fruit flies is highly correlated with body size is 

extensive (Mueller 1985, Chippindale et al 1994, Prasad and Joshi 2003) and the results are 

consistent with this expectation, as the fecundity pattern follows the body size pattern of the 

different female types very closely (Figs 4.11, 4.22).  

Other laboratories have reported male type having an effect on female fecundity, 

especially soon after copulation (Pitnick 1991, Pitnick and Garcia-Gonzales 2002, Schultzhaus 

and Carney 2017). Male body size has been implicated in the degree of post-mating response 

elicited by males in females (Pitnick 1991, Pitnick and Garcia-Gonzales 2002, Friberg and 

Arnqvist 2003), including egg output. The current results seem to contradict these studies as RF 

males appeared to increase female fecundity significantly more than other male types (Figs 4.6 

B, 4.8 B), although the absolute differences in fecundity were not high. Moreover, the trends for 

the remaining three selection regimes were not consistent from the first assay to the next, only 

the females mated with RF males showed maximum egg output in both assays. FEJ males 
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seemed to elicit a high fecundity response in the first assay (Fig. 4.6 B) but elicited the least 

fecundity in the second assay (Fig.4.8 B), while JB males showed the opposite trend. 

I believe that, despite the statistically significant differences in main effect of males, 

these are unlikely to be biologically significant for the purpose of this investigation, as the 

absolute values of induced fecundity were not very different between different male types, in 

either assay, with the pattern also being inconsistent across assays. Given the sampling of eggs 

inherent in egg collection during routine population maintenance in these selection regimes, very 

small differences in fecundity may not translate into consistent fitness differences among 

individuals. It is possible that the high degrees of freedom offered by the large number of means 

used in the comparisons (Tables 4.3, 4.4) could have resulted in such minor differences turning 

out to be statistically significant.  

Long et al (2010) also report the effects of mating soon before the relevant oviposition 

window, assessed in the LHm  D. melanogaster populations that are maintained on a two-week 

discrete generation cycle. They found the effects of body size of males to have little effect on the 

fecundity of females within the two day period of egg lay after mating, as did Pitnick and Garcia-

Gonzales (2002), who found only long term effects of male body size on female fecundity and 

survivorship. These reports are supported by the results presented here and I speculate that high 

induced fecundity by any male type within a two/three day period after mating likely renders the 

Acps implicated in this manipulation (Acp26A and Acp70A) beneficial to FEJ females as they 

are required to lay eggs within that time period and do not benefit from a long subsequent adult 

life. Therefore, these Acps might even be considered to no longer be mediating inter-locus sexual 

conflict between males and females as they would confer a fitness advantage to both sexes in the 

FEJ populations.  
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The design of this experiment also allowed the investigation of non-mating effect of male 

presence on female egg lay. Since there are non-mating costs to females in terms of longevity, 

via harassment due to courtship (Partridge and Fowler 1990, Friberg and Arnqvist 2003), I 

wanted to investigate if persistent male courtship could interfere with female oviposition. The 

results here demonstrate no significant effect of male presence, when the first two days were 

compared with the last two days of egg lay (Figs 4.9, 4.10). A significant interaction effect of 

female type with male presence was seen in both assays, with JB females laying more eggs in the 

presence of males whereas FEJ females laid more eggs in the absence of males. RFs and RRFs 

did not show any differences in egg lay, based on male presence. One possibility is that these 

data are confounded with age and day of recording, as the male presence treatment was 

sequentially conducted. Since I have looked at egg lay within the first five days of adult life, 

wherein fecundity is typically high, this effect may not be large. Differential effect of male type, 

with FEJ females being more susceptible to harassment than JB females, could also give rise to 

these results. FEJ females do not appear to actively avoid chasing and sit benignly while being 

courted (FEJ males also exhibit much less chasing), whereas JB flies, both males and females, 

are highly active during courtship. It is not clear what might cause JB females to lay more eggs 

in the presence of males than in their absence, when lack of viable sperm is unlikely to be a 

causal factor. JB females are possibly more dependent on a fresh supply of sperm for large egg 

output, at least early in life. Since results from Chapter 2 have shown low mating rates for JBs 

closer to egg laying day (day 21), they potentially start using stored sperm preferentially only 

later. I do not present any results to corroborate these claims, and further investigation into the 

effects of male presence on FEJ and JB females is required. It is clear, however, that male 

presence can significantly reduce FEJ female fitness, but not JB female fitness. 
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Overall, the post mating response of females in terms of increased egg output was not 

affected by the type of male (based either on selection history or body size), indicating that there 

is little difference between the males of different selection regimes in their ability to increase 

female egg lay. Thus, females from these populations do not experience a fitness loss in terms of 

fecundity upon exposure to males for 50 hours, which covers the life-time egg output for FEJ 

and RRF females. Possibly, development time is the only driving force in bringing about the 

changes in traits traditionally associated with inter-locus sexual conflict in this system. 

In conclusion, these results support the hypothesis that the ability of males to elicit a post 

mating response in females, in terms of mortality, seems to be primarily a function of selection 

for rapid development per se, or due to the strong correlated response of body size. The degree of 

mate manipulation by males is known to be positively correlated with body size differences in D. 

melanogaster (Pitnick and Garcia-Gonzalez 2002, Mital 2013, Wigby et al 2016), and female 

resistance to post mating harm probably changes via a co-evolutionary process. Female 

fecundity, immediately after mating, also seems to be primarily a function of the selection 

regime the female belongs to, and is not markedly affected by male type, a pattern that may also 

be explained by body size differences, consistent with earlier results from the same set of 

populations in this laboratory (Prasad 2004). 
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Tables 

Table 4.1 Summary of the ANOVA results of cumulative mortality over 14 days after exposure 

to males for 50 hours, after generations 36 of RRF and 17 of RF selection, with male and female 

type as fixed factors, and block as a random factor. This design does not allow testing of random 

factors and interactions for significance and they have been omitted for brevity. 

Effect    df  MS  F   P 

Male Type   3  0.0419     5.122  0.024 

Female Type   3  0.1505     6.924  0.010 

Male × Female Type  9  0.0106     1.579  0.171 

 

 

 

Table 4.2 Summary of the ANOVA results of cumulative mortality over 14 days after exposure 

to males for 50 hours, after generations 63 of RRF and 36 of RF selection, with male and female 

type as fixed factors, and block as a random factor. This design does not allow testing of random 

factors and interactions for significance and these have been omitted for brevity. 

Effect    df  MS  F   P 

Male Type   3  0.0797        21.797  <0.001  

Female Type   3  0.0520        12.553  0.001  

Male × Female Type  9  0.0103         2.439  0.035  

 

Table 4.3 Summary of the ANOVA results of daily fecundity in the first four-five days including 

exposure to males for 50 hours, after generations 36 of RRF and 17 of RF selection, with male 

type and female type as fixed factors, and block as a random factor. This design does not allow 
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testing of random factors and interactions for significance and these have been omitted for 

brevity. 

Effect    df  MS  F   P 

Male Type   3  13.5252       3.952  0.047 

Female Type   3  1487.952       111.869  <0.001 

Male × Female Type  9  6.9690        2.208  0.054 

 

 

 

 

Table 4.4 Summary of the ANOVA results of daily fecundity in the first four-five days including 

exposure to males for 50 hours, after generations 63 of RRF and 36 of RF selection, with male 

and female type as fixed factors, and block as a random factor. This design does not allow testing 

of random factors and interactions for significance and these have been omitted for brevity. 

Effect    df  MS  F   P 

Male Type   3  19.4721       5.456  0.020 

Female Type   3  800.36111       94.479  <0.001  

Male × Female Type  9  10.2847       5.670  <0.001 

 

 

Table 4.5 Summary of results of ANOVA performed on daily female fecundity with female type 

and male presence as fixed factors, and block as a random factor, conducted after generations 36 

of RRF and 17 of RF selection. This design does not allow testing of random factors and 

interactions for significance and these have been omitted for brevity. 
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Effect    df  MS  F   P 

Female Type   3  2953.711       109.945  <0.001 

Male Presence   1  178.605       1.939  0.257 

Female Type × Male Pres. 3  248.7527       12.920  0.001 

 

 

 

 

Table 4.6 Summary of results of ANOVA performed on daily female fecundity with male type, 

female type and male presence as fixed factors, and block as a random factor, conducted after 

generations 63 of RRF and 36 of RF selection. This design does not allow testing of random 

factors and interactions for significance and these have been omitted for brevity. 

Effect    df  MS  F   P 

Female Type   3  1596.963      97.152  <0.001 

Male Type   3  37.1197      4.989   0.026 

Male Presence   1  0.4626       0.190   0.691  

Female Type × Male Pres. 3  112.7262      60.722  <0.001 

Male Type × Male Pres 3  45.2740      12.253   0.001 

Female Type ×  

Male Type × Male Pres. 9  9.5967       5.982  <0.001 

Table 4.7 Summary of ANOVA on dry weight of flies at the time of male toxicity assay set-up 

after 36 generations of RRF and 17 generations of RF selection, with selection and sex as fixed 

factors, and block as a random factor. This design does not allow testing of random factors and 

interactions for significance and these have been omitted for brevity. 
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Effect    df  MS  F   P 

Selection   3  558.9001       106.633  <0.001 

Sex    1  544.775       119.946  0.001 

Selection × Sex  3  26.9651       8.371  0.005 

 

 

 

 

Table 4.8 Summary of ANOVA on dry weight of flies at the time of male toxicity assay set-up 

after 63 generations of RRF and 36 generations of RF selection, with selection and sex as fixed 

factors, and block as a random factor. This design does not allow testing of random factors and 

interactions for significance and these have been omitted for brevity. 

Effect    df  MS  F   P 

Selection   3  5.0871 × 10^-8       52.968  <0.001 

Sex    1  1.2163 × 10^-8       25.523  0.014 

Selection × Sex  3  2.8052 × 10^-9      11.688  0.001 
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Figures 

 

 

 

 

Fig 4.1 Mean cumulative female mortality over 14 days after 50 hours of exposure to males, 

after generations 36 of RRF and 17 of RF selection, averaged across four replicate populations. 

Error bars are 95% confidence intervals around the means. 
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Fig 4.2 Mean cumulative mortality of females, averaged across four replicate populations, over 

14 days with 50 hours of exposure to males, after 36 generations of RRF and 17 generations of 

RF selection, reflecting A) the main effect of female type, and B) the main effect of male type. 

Error bars are 95% confidence intervals around the means. 
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Fig 4.3 Mean cumulative female mortality over 14 days after 50 hours of exposure to males, 

after generations 63 of RRF and 36 of RF selection, averaged across four replicate populations. 

Error bars are 95% confidence intervals around the means. 
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Fig 4.4 Mean cumulative mortality of females, averaged across four replicate populations, over 

14 days with 50 hours of exposure to males, after 63 generations of RRF and 36 generations of 

RF selection, reflecting A) the main effect of female type, and B) the main effect of male type. 

Error bars are 95% confidence intervals around the means. 
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Fig 4.5 Mean fecundity over four days, including exposure of females to males for 50 hours, 

after generations 36 of RRF and 17 of RF selection, averaged over four replicate populations. 

Error bars are 95% confidence intervals around the means.  
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Fig 4.6 Mean fecundity of females, averaged across four replicate populations, in the first four-

five days of life including 50 hours of exposure to males after 36 generations of RRF and 17 

generations of RF selection, reflecting A) the main effect of female type, and B) the main effect 

of male type. Error bars are 95% confidence intervals around the means. 
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Fig 4.7 Mean fecundity of females, averaged across four replicate populations, in the first four-

five days of life including exposure of females to males for 50 hours, after generations 63 of 

RRF and 36 of RF selection. Error bars are 95% confidence intervals around the means. 
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Fig 4.8 Mean fecundity of females, averaged across four replicate populations, in the first four-

five days of life, including 50 hours of exposure to males, after 63 generations of RRF and 36 

generations of RF selection, reflecting A) the main effect of female type, and B) the main effect 

of male type. Error bars are 95% confidence intervals around the means. 
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Fig 4.9 Mean fecundity of females during male presence and absence, in the first four-five days 

of life, after 36 generations of RRF and 17 generations of RF selection, averaged across four 

replicate populations. Error bars are 95% confidence intervals around the means. 
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Fig 4.10 Mean fecundity of females during male presence and absence, in the first four-five days 

of life, after 63 generations of RRF and 36 generations of RF selection, averaged across four 

replicate populations. Error bars are 95% confidence intervals around the means. 
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Fig 4.11 Mean dry weights of males and females on day one after eclosion, at the time of male 

toxicity assay set-up, conducted after generations 36 of RRF and 17 of RF selection, averaged 

over four replicate populations. Error bars are 95% confidence intervals around the means. 
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Fig 4.12 Mean dry weights of males and females on day one after eclosion, at the time of male 

toxicity assay set-up, conducted after generations 63 of RRF and 36 of RF selection, averaged 

over four replicate populations. Error bars are 95% confidence intervals around the means. 
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Introduction 

Under conditions of high competition among males for reproductive success, there are various 

stages in which a male may express traits that give him a reproductive fitness advantage over 

other males, starting from successful courtship to post-copulatory manipulation of female 

physiology and behaviour. Depending on the kind of ecology and life-history of the population 

under study, the specific traits mediating these competitive strategies may change (Wedell et al 

2006), as also exemplified in the studies conducted on the B and O D. melanogaster populations 

selected for different ages of reproduction (Service 1993, Service and Fales, 1994, Service and 

Vossbrink 1996), where the male strategy for manipulation of female behaviour varied in an age 

specific manner.  

In the preceding chapter, an indirect measure of the ability of males to manipulate the 

post mating response of females in terms of fecundity and survivorship was established, and the 

different selection regimes were compared in this regard. In this chapter, a direct measure of 

male investment in reproduction is examined. The ability of a male to evoke the post mating 

response is determined by the quality and quantity of accessory gland proteins (produced in the 

accessory gland) that it transfers to the female (Chapman et al 1995), while sperm competition 

(sperm defense and offence abilities) is largely affected by sperm length and its co-evolution 

with seminal receptacle size in the female (Pitnick andMiller 2000). 

From the results discussed in Chapter 1, the level of male-male competition in the FEJ 

ecology has been established to be significantly less than that in the JB ecology, with the FEJ 

being effectively monogamous. Under such conditions of low levels of mating competition, 

sperm competition should be significantly reduced. Nandy et al (2013a) showed that both sperm 
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offense and sperm defense ability evolved to be higher in D. melanogaster populations 

maintained under a male biased sex ratio compared to those maintained under a female biased 

sex ratio. 

Given the above mentioned results, a measure of changes in accessory gland size as well 

as testis size, which are strongly correlated with male competitive fitness (Bangham et al 2002, 

Wigby et al 2009), while scaling for body size differences, can directly assess male investment in 

reproduction related traits in the populations studied by me. Moreover, sperm number and length, 

both correlated with testes size, are known to be involved in sperm competition in Drosophila sp. 

(Snook 2005). Change in testes size in populations experiencing monogamy, relative to 

polygamous populations, over and above body size reduction, has also been reported in D. 

melanogaster (Pitnick et al 2001). Wigby et al (2016) found that smaller D. melanogaster 

males(i.e. males reared as larvae under low food conditions) tend to invest more heavily in terms 

of the quantity of ejaculate  per mating than do large males, a plastic response probably 

facilitating the maximization of competitive success. Moreover, Linklater et al (2007) reported 

differences in ejaculate depletion patterns over successive matings, demonstrating plasticity in 

terms of investment per mating, depending on the level of competition and available resource. 

They also showed that this depletion pattern itself evolved in populations adapted to different in 

levels of sperm competition. Ejaculate amount has been also linked to copulation duration 

(Gilchrist and Partridge 2000), and D. melanogaster males have also been shown to vary 

copulation duration based on the perceived level of sperm competition (Bretman et al 2009, 

Nandy and Prasad 2011). Therefore, body size, as well as sexual selection and inter-locus sexual 

conflict levels can modulate ejaculate investment.  
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Here, I explore the possibility of disproportionate changes in testis size and accessory 

gland size (after Chechi et al 2017) in the FEJ, JB, RF and RRF populations, depending on their 

specific requirements based on the differences in their adult age at effective reproduction. 

Additionally, constraints imposed by selection for rapid development can limit the absolute size 

of these organs, while still retaining compensatory investment per mating by FEJ males, if 

selected for. Finally, to aid faster development in the FEJ, earlier work from this lab has revealed 

a disproportionate increase in the ring gland size of second and third instar larvae (J. Bose, A. 

Joshi, unpubl. data) possibly allowing quicker moulting, supporting the possibility of altered 

organ size to body size allometry evolving in these populations.  

Assuming that a likely explanation for not seeing differences in terms of inter-locus 

sexual conflict related traits between RF and RRF is the lack of adequate selection pressure 

facilitating such a divergence, an investigation into the reproductive behaviour of these 

populations was called for. I have not investigated the nature of breeding ecology differences 

with respect to mating and courtship rates in the RFs and RRFs, and RRFs might not be even 

monogamous like the FEJs, despite a similar breeding time. However, as a preliminary start to 

these investigations, I have looked at their copulation duration and time till reproductive maturity 

(time till first mating from eclosion).  
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Methods 

Storing Mated and Virgin Males 

Two sets of measurements were done to get an estimate of the reduction in accessory gland and 

testis size. After collecting same-aged flies from the four different selection regimes, as 

described in Chapter 1, they were housed as virgins for a day in order to allow sexual maturation 

to be completed. Fifty single pairs per population were then set up, in individual vials, using 

carbon dioxide anesthesia, to allow the males to mate. As soon as mating was completed in a 

vial, the vial was dipped for 20 seconds in liquid nitrogen to flash freeze the flies and halt any 

changes in physiology and anatomy. Similarly, 50 virgin males from each population were also 

flash frozen, at the start of the mating treatment setup. Frozen flies were then immediately 

transferred to -20oC for storage until dissections could be done. 

 

Dissection and Imaging 

30 frozen flies were sampled per population for dissections. The fly to be dissected was put on a 

clean glass slide with its wings clipped off, and photographed in order to measure thorax length 

and abdomen length for body size estimates. Using a pair of sewing needles mounted on pencils, 

the fly was held in place by its thorax, and the posterior tip was pressed and pulled, allowing the 

entire internal male reproductive tract to be pulled out. The testes are easily identifiable as 

yellow, paired and coiled structures, while accessory glands are paired, white bulbous structures, 

one along with each testis (Fig. 5.1). All dissections were performed using 1.5 mL of phosphate 
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buffer solution per fly. The extraneous tissues were removed, and the testes uncoiled, using a 

pair of very fine, soft-bristled, paint brushes. 

The testes and accessory glands were immediately photographed using a Nikon Eclipse 

E200 microscope with camera attachment. Measurements were performed using the ‘perimeter’ 

marking tool in ImageJ software Ver. 1.8.0 for Windows (Rasband NIH, USA) to mark the 

outline of the structure of interest, and the area projected by the software for the marked region 

was used for further analysis. The absolute scale in the software was set such that 1.68mm 

distance was equal to 516 pixels on the photographs. An average of the pair (testes or accessory 

gland) was taken, and an average of all 30 such readings was used as the mean for each 

population-by-treatment (virgin/mated) combination. At a time, one block was assayed, with a 

total of 480 males dissected across all selection regimes per block. 

 

Copulation Duration and Maturation Time  

Copulation duration and maturation time in the RF and RRF populations was assayed according 

to the protocol described in Chapter 2 and the experiment was conducted along with the one 

reporting the differences between FEJs and JBs (Chapter 2). At the time, RFs and RRFs had 

undergone 85 and 130 generations of relaxed selection, respectively. The FEJ and JB data is 

shown here again for the purpose of comparison (Fig. 5.11). This assay was also conducted 

under both yeasted and un-yeasted conditions, as RFs experience un-yeasted conditions 

immediately after eclosion, like JB, whereas RRFs experience yeasted conditions after eclosion, 

like FEJ. 
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Statistical Analyses 

Individual measurements for each male were scaled by the square of its thorax length (Fig 5.1) to 

assess differences in proportional organ size over and above the large absolute body size 

differences. Mixed model analysis of variance (ANOVA) was performed on the population 

means, with block being treated as a random factor, and selection regime and virgin/mated 

treatment as fixed factors. Mixed model ANOVA was also performed on the log of these ratios. 

Tukey’s HSD test was used for comparing individual means and calculating all confidence 

intervals for post-hoc analyses. Percentage reduction (after mating) in AG size was also 

calculated for each population. Analysis was done on both arcsine square root transformed data, 

and untransformed data, in order to see whether possible departures from normality of the scaled 

nature of the data gave different results. Data for copulation duration and maturation time in RFs 

and RRFs were subjected to mixed model ANOVA with selection regime and treatment (yeasted 

vs non-yeasted) as fixed factors, and block as a random factor. All analyses were carried out on 

STATISTICATM using Windows Release 5.0B (Statsoft Inc. 1995). 

 

Results 

Testis Size 

A significant main effect of selection regime was seen on absolute testis sizes (F=44.511, 

P<0.001) and when testis sizes were scaled by the respective thorax sizes (F=19.099, P<0.001, 

Tables 5.1, 5.2, Figs 5.2, 5.3). Absolute testis size of FEJ was the smallest, significantly less than 

that of JB and RF testis sizes. However, FEJ testis size was found to be proportionally the 

largest, significantly more than JB testis sizes, while no significant differences were seen 
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between the RFs and RRFs, either in absolute size or that scaled by thorax size.There was no 

significant effect of mating status or of testis size-by-mating status interaction in either absolute 

or scaled testis size, with testis size showing little difference between virgin and once mated 

males (Table 5.1, 5.2, Fig 5.2. 5.3). The log transformed data showed the same pattern of 

significance as the untransformed data, reported here. 

 

Accessory Gland (AG) Size 

There was a significant main effect of selection regime (F=111.397, P<0.001, F=7.059, 

P=0.009) and of mating status (F= 231.226, P<0.001, F=172.826, P=<0.001)on AG size (Table 

5.3) and on AG size scaled by square of thorax length (Table 5.4), respectively. FEJs had 

significantly smaller AGs compared to the other three regimes, which were not significantly 

different from each other (Table 5.3, Fig 5.4). However, JBs showed the smallest proportional 

AG size, when scaled against squared thorax length (Fig. 5.5). Mated flies had smaller AGs than 

virgins, significantly so on scaled data as well (Figs 5.4, 5.5),and this difference was similar for 

the different selection regimes, as indicated by the lack of a significant selection-by-mating 

status interaction effect (Tables 5.3, 5.4, Figs 5.4, 5.5). The similarity in the reductions of AGs 

after the first mating is shown in Figure 5.6 (for both absolute reduction and scaled values). No 

significant effect of selection was revealed here (Table 5.5). The log transformed and arcsine 

square root transformed data (not shown) revealed the same pattern of significance as the 

untransformed data reported here. 
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Copulation Duration and Maturation Time  

A significant main effect of selection regime was seen for both maturation time (F= 31.5385, 

P<0.001) and copulation duration (F=3.8676, P=0.0498) but there was no significant difference 

between RFs and RRFs in either copulation duration (Fig. 5.11) or maturation time (Fig. 5.12). 

Furthermore, no significant difference between yeasted or un-yeasted condition was seen (Tables 

5.3, 5.4). 

 

 

Discussion 

 

Three predictions based on theory and experimental evolution studies were tested here. One, 

testis size is expected to evolve, given differences in the degree of sexual selection between FEJs 

and JBs, with lower levels of selection resulting in lower investment by males, and possibly a 

lower sperm requirement (Pitnick et al 2001).  

Testis size is correlated with both sperm morphology and number, and these in turn are 

under strong sexual selection (Pitnick 1996, Pitnick et al 2001, Snook2005), often resulting in 

rapid divergence in testis size between populations of the same species (Pitnick and Miller 2000) 

which can play a role in speciation (Manier et al 2013b). Changes in sperm morphology can 

drive testis size differences (Lüpold et al 2016, Lüpold and Pitnick 2018), thereby playing a role 

in speciation (Manier et al 2013b). FEJ and JB populations showed indications of incipient 

reproductive isolation (Ghosh and Joshi 2012), the first step towards speciation, as well as large 

differences in levels of sexual selection (Chapter 2). My results showed significant differences 
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between FEJs and JBs in testis size, FEJs having evolved disproportionately larger testes, 

indicating higher proportional investment in reproduction compared to JBs.  

Second, I expected smaller AGs in the FEJs, relative to body size, assuming a potentially 

lower requirement for manipulative seminal fluid proteins (Satish 2010, Ghosh and Joshi 2012, 

Mital 2013), as accessory gland proteins are key mediators of inter-locus sexual conflict in 

Drosophila sp. (Wolfner 1997). Surprisingly, although a significant effect of selection was seen 

on scaled AG size, it was the JBs that showed smaller AG size, proportional to body size, 

compared to the RFs and RRFs (Fig 5.5).These results indicate that JBs invest proportionately 

less towards reproduction (in terms of testis size and accessory gland size, compared to FEJ, RF 

and RRF). In contrast, lower Acp transcription levels, compared to the JBs, have been reported 

in young males of the FEJ populations (Satish 2010, P Dey and A Joshi, unpubl. data). 

In terms of absolute organ size, FEJ males have the smallest testes and AGs, as compared 

to JB, RF and RRF. Thus, the observed reduction in male manipulative ability and female 

resistance in FEJs (Chapter 3, Mital, 2013) can be explained by the reduction in body size and, 

consequently, absolute AG size in the FEJs. However, the extremely small body size of the FEJs 

appears to have driven the evolution of a higher proportional investment in reproduction 

compared to the JBs, possibly in order to maintain a minimum level of reproductive success. 

Moreover, given the extremely short effective adult life of the FEJ females (three days), the role 

of Acps in increasing egg output of females immediately post mating, even at the cost of 

subsequent lifespan, would likely benefit FEJ females, thus reducing (or eliminating) conflict 

over those proteins. These two mechanisms are a likely explanation of the overall lower levels of 

conflict in the FEJ compared to JB, despite the increased proportional investment made by the 

FEJs in testes and AGs.  
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The plots of organ size against square of thorax length appeared to be more or less linear 

(Figs. 5.7-5.10), but regression analyses on data from each selection regime separately showed 

no clear or strong linear relationship between organ size and square of thorax length for any 

selection regime (analysis not shown). The pattern seen in figures 5.9 and 5.10 suggested the 

possibility of an inflection point in the data of AG plotted against squared thorax length. 

Therefore, I measured the slope of a simple linear regression of AG on squared thorax length for 

the FEJ, RF and RRF populations, and also for the RF, RRF and JBs, for both virgin and mated 

flies. A significant difference was seen between these two slopes (F=46.831, P=0.006) with the 

slope through FEJs being higher than that through JBs, indicating that the relationship between 

AG size and body size is not consistent across the entire range of the FEJ-JB body size 

difference.  

The above results are consistent with both Linklater et al (2007), who did not find 

changes in testis and AG size, despite change in ejaculate depletion patters, as well as Chechi et 

al (2017), who also estimated these parameters in populations previously shown to be divergent 

in sperm competition related traits (Nandy et al 2013a). Since no significant differences were 

seen between the RFs and RRFs, selection for rapid development seems to drive changes in the 

investment towards reproduction, that are not explained by differences in breeding ecology 

alone.  

 The third and final prediction was that there might be a smaller reduction in the size of 

AG post mating, also indicating a lower investment in reproduction related traits by the FEJ, 

compared to JB (Linklater et al 2007). I found no difference between the selection regimes in 

terms of AG size reduction after their first mating (Fig 5.6). Additionally, using the RF and RRF 

populations allowed me to investigate the role of differences in age at reproduction (or breeding 
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time) on testis and AG sizes, if such selection had led to differences in the level of sexual 

selection between them (Chapter 2). The lack of any difference between RFs and RRFs seen here 

is consistent with the results from the previous chapter, indicating no major role of time of 

reproduction (or operative adult life), by itself, on traits related to sexual selection or inter-locus 

sexual conflict, at least in these populations. 

Despite differences in breeding duration, there is little difference between RFs and RRFs 

with respect to copulation duration and maturation time. This preliminary investigation also 

reveals that RF and RRF females are closer in terms of these behaviours to JB females than they 

are to FEJs, as the only significant differences were between FEJs and the remaining selection 

regimes (Fig. 5.11, 5.12). The release from selection for rapid development has caused these 

traits to approach ancestral trait values, at similar rates in the RF and RRF populations, again 

implicating rapid development and not early reproduction in modulating reproductive behavior. 

This is also the first indication that perhaps the degree to which the breeding ecologies differ 

between the RFs and RRFs is insufficient to bring about any significant changes in levels of 

sexual selection, in the absence of strong selection on development time. Further investigation 

into mating rates and courtship rates in the relaxed selection populations is required. 

Based on the results reported so far, it appears that the hypothesis established in Chapter 

2 of this thesis should be rejected. The only evidence suggesting reduction in inter-locus sexual 

conflict is the smaller absolute AG size in the FEJ populations. Moreover, between RF and 

RRFs, no differences in AG size were seen. Perhaps, the unique combination of selection for 

rapid development and early reproduction act synergistically to reduce the levels of inter-locus 

sexual conflict in the FEJ populations while proportionately improving investment towards 

reproduction (via increased relative testis size and AG). Breeding ecology differences might 
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appear only under conditions of resource limitation (smaller body size). For instance, the 

monogamous nature of the FEJs might be an outcome of both a lethargic pattern of movement 

(as a consequence of rapid development selection), leading to low energy resources at eclosion 

coupled with the short time available for mating. 

To conclude, selection for rapid development alone likely reduces levels of inter-locus 

sexual conflict only in a body size dependent manner, while selection for early reproduction, in 

the absence of selection for rapid development, does not seem to lead to the evolution of lower 

inter-locus sexual conflict, in this system. 
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Tables 

Table 5.1 Summary of ANOVA results on absolute testis size with selection and mating status as 

fixed factors, and block as a random factor. This design does not permit testing of random factors 

and interactions, and therefore, those results have been left out for brevity.  

Effect    df  MS         F   P 

Selection    3  0.0427     44.511  <0.001 

Mating Status (st.)  1  0.0002     0.0981  0.774 

Selection × Mating st.  3  0.0003     2.123  0.167 

 

 

 

 

Table 5.2 Summary of ANOVA results on testis size (scaled by thorax length squared) with 

selection and mating status as fixed factors, and block as a random factor. This design does not 

permit testing of random factors and interactions, and therefore, those results have been left out 

for brevity.  

Effect    df  MS        F       P 

Selection    3  0.0006   19.099  <0.001 

Mating Status (st.)  1  5.12 × 10^-5  0.378  0.058  

Selection × Mating st.  3  2.63 × 10^-5  1.790  0.218 
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Table 5.3 Summary of ANOVA results on absolute AG with selection and mating status as fixed 

factors, and block as a random factor. This design does not permit testing of random factors and 

interactions, and therefore, those results have been left out for brevity.  

Effect    df  MS      F   P 

Selection    3  0.0205  111.397  <0.001 

Mating Status (st.)  1  0.0439  231.226  <0.001 

Selection × Mating st.  3  0.0006  2.054   0.176 

	

 

 

 

 

Table 5.4 Summary of ANOVA results on AG size (scaled by thorax length squared) with 

selection and mating status as fixed factors, and block as a random factor. This design does not 

permit testing of random factors and interactions, and therefore, those results have been left out 

for brevity.  

Effect    df  MS      F        P 

Selection    3  0.0004   7.059  0.009 

Mating Status (st.)  1  0.003    172.826 <0.001  

Selection × Mating st.  3  2.7 × 10^-5         0.942  0.459 
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Table 5.5 Summary of ANOVA results on reduction in accessory gland size and reduction in 

accessory gland size (scaled by thorax length squared) with selection as a fixed factor and block 

as a random factor. This design does not permit testing of random factors and interactions, and 

therefore, those results have been left out for brevity.  

Effect    df  MS           F      P 

Redn. (Absolute Size)  3  0.0012   2.054  0.176 

Redn. (Scaled Size)  3  7.43 × 10^-5   1.327  0.325  
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Table 5.6 Summary of ANOVA results for maturation time with selection regime and 

environment (yeasted or un-yeasted) as fixed factors. In this design, random factors and 

interactions with the same cannot be testes and have been left out for brevity. 

Effect    df  MS        F              P 

Selection   3  202.3021           31.5385  <0.001 

Environment   1  0.0293   0.0075   0.9361 

Selection × Environment 3  1.0483   0.3156   0.8139 

 

 

 

 

Table 5.7 Summary of ANOVA results for copulation duration with selection regime and 

environment (yeasted or un-yeasted) as fixed factors. In this design, random factors and 

interactions with the same cannot be tested for significance and have been left out for brevity. 

Effect    df  MS        F     P 

Selection   3  38.2958  3.8676   0.0498 

Environment   1  0.6157   0.1330   0.7394 

Selection × Environment 3  5.2340   1.8987   0.2003 
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Figures 

 

 

 

 

Fig 5.1 Image on the left end shows a JB male, with the orange bar representing the thorax 

length. The middle and right images show the relative position of the testes and the accessory 

glands. 
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Fig 5.2Mean absolute testis size of males from the four selection regimes as virgins and after 

mating once, averaged across four replicate populations (A), and testis size of males averaged 

across mating status and four replicate populations (B). Error bars are 95% confidence intervals 

around the means. 
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Fig 5.3 Mean testis size, scaled by thorax length squared, of males from the four selection 

regimes as virgins and after mating once, averaged across four replicate populations (A), and 

scaled testis size of males averaged across mating status and four replicate populations (B). Error 

bars are 95% confidence intervals around the means. 
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Fig 5.4 Mean absolute accessory gland size, of males from four selection regimes as virgins and 

after mating once, averaged across four replicate populations (A), and accessory gland of males 

averaged across mating status and four replicate populations (B). Error bars are 95% confidence 

intervals around the means. 
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Fig 5.5 Mean accessory gland size, scaled by thorax length squared, of males from four selection 

regimes as virgins and after mating once, averaged across four replicate populations (A), and 

scaled accessory gland of males averaged across mating status and four replicate populations (B).  

Error bars are 95% confidence intervals around the means. 
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Fig 5.6 Mean reduction in accessory gland size (A), and accessory gland size reduction scaled by 

thorax length squared (B), of males from each selection regimes after mating, averaged across 

four replicate populations. Error bars are 95% confidence intervals around the means. 
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Fig 5.7 Scatter plot showing testis size of virgin males of the different selection regimes (y axis) 
and their corresponding squared thorax length (x axis) of the four replicate populations (blocks 
1-4) of each selection regime. 
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Fig 5.8 Scatter plot showing testis size of once-mated males of the different selection regimes (y 
axis) and their corresponding squared thorax length (x axis) of the four replicate populations 
(blocks 1-4) of each selection regime. 
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Fig 5.9 Scatter plot showing accessory gland size of virgin males of the different selection 
regimes (y axis) and their corresponding squared thorax length (x axis) of the four replicate 
populations (blocks 1-4) of each selection regime. 
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Fig 5.10 Scatter plot showing accessory gland size of once-mated males of the different selection 
regimes (y axis) and their corresponding squared thorax length (x axis) of the four replicate 
populations (blocks 1-4) of each selection regime. 
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Fig. 5.11 Mean copulation duration (minutes) under yeasted and un-yeasted conditions in the JB, 

FEJ, RF and RRF populations, averaged across four replicate populations. Error bars are 95% 

confidence intervals around the means. 
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Fig. 5.12 Mean maturation time (hours) under yeasted and un-yeasted conditions in the JB, FEJ, 

RF and RRF populations, averaged across four replicate populations. Error bars are 95% 

confidence intervals around the means.  
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Discussion and Future Directions 
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Discussion 

Inter-Locus Sexual Conflict and Life-Histories 

The results from the work reported in this thesis suggest that despite great potential for age of 

reproduction affecting levels of sexual selection and inter-locus sexual conflict, the primary 

selective force leading to changes in sexually antagonistic traits in the set of populations of D. 

melanogaster studied by me is the strong directional selection on development time. At the 

outset, I had proposed three possible explanations for reduced levels of inter-locus sexual 

conflict in the FEJ populations. 

1. Body size based trade-off: This was expected from the preliminary work conducted 

earlier (Mital 2013) and was confirmed in the work presented here. The reduction in body 

size as a result of selection for rapid development adequately explains the majority of my 

results pertaining to reduced levels of inter-locus sexual conflict in the FEJ populations, 

relative to the ancestral JB controls.	

2. Shorter breeding time might lead to lower sexual selection, less need for manipulation by 

males and, therefore, lower inter-locus sexual conflict. This was not supported by my 

results as no differences were seen between RFs and RRFs in the traits examined.	

3. Change in inter-locus sexual conflict, i.e. a change in the nature of which traits 

contribute to fitness loss in females. Females from the FEJ and RRF populations might 

not experience fitness losses upon manipulation by males due to their short effective 

adult life and might forego defenses against such manipulations. There was no clear 

support for this speculation either, although there is some suggestive evidence supporting 

this hypothesis.	
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These hypotheses, along with an examination of my results in the ambit of life-history selection, 

are discussed in detail below. 

The FEJ and JB populations provide a useful system with which to examine the 

interaction between selection for life-history related traits and sexual selection, and this system is 

unique in its feature of exhibiting changes in inter-locus sexual conflict related traits, with those 

changes being driven primarily by the strong, primary selection for rapid development, despite 

the large potential for lowered sexual selection in the FEJ, compared to the ancestral controls, the 

JBs.  

I found many features of male manipulation of female behaviour, as well as female 

resistance to such manipulations, to be primarily a function of the selection for rapid 

development (Chapter 4), perhaps explained by body size differences, while some features were 

not (Chapter 5). Specifically, increase in mortality of females post mating, their resistance to 

post-mating harm, and female fecundity boost post mating, corresponded well with body size 

differences, whereas differences in age at reproduction did not seem to affect these traits at all. 

Testis size was disproportionately smaller in the JB than the FEJs, while no differences were 

seen between RFs and RRFs in these traits. A synergistic effect of selection for rapid 

development and early reproduction in bringing down inter-locus sexual conflict in these 

populations is, thus, indicated. Most probably, the small and lethargic adult FEJs result in the 

breeding system becoming effectively monogamous during their three-day adult period, which 

may not be not true of the RRFs. Selection for rapid development may have reduced sexual 

selection via the evolution of adult traits, and the short breeding time could have provided the 

conditions for differences in sexual selection to operate.  
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Other studies have similarly looked at the effects of interaction of sexual selection and 

selection for life-history related traits, such as Hollis et al (2017), wherein selection for short 

generation times was superimposed on selection for either random monogamy or polygamy. 

They found high levels of sexual selection (polygamous populations) to indirectly select for 

rapid development and faster maturation compared to populations experiencing low sexual 

selection (monogamous populations) (Hollis et al, 2017), complementing the work presented 

here. Similarly, selection for late life reproduction has also provided evidence for tradeoffs in 

male competitive ability between early and late life (Service, 1993, Service and Fales, 1994, 

Service and Vossbrink, 1996), demonstrating that differences in the timing of effective 

reproduction in populations maintained under discrete generations can mediate the differential 

evolution of age specific patterns of expression of reproduction related traits, even those 

involved in male-female interactions, such that resource investment is optimized to maximize 

Darwinian fitness under existing constraints. Resource allocation and tradeoffs between fitness 

related traits are central to the study of life-histories and how they are shaped by selection (van 

Noordwijk and de Jong, 1986), and examples of this interaction between selection for life-history 

related traits and sex-specific selection exist in the experimental evolution literature, as discussed 

below. Kwan et al (2008) conjectured that since males from desiccation resistant D. 

melanogaster populations were inherently less tolerant to desiccation stress than females from 

those populations, male reproductive success would be achieved posthumously, and selection for 

early maturation and mating in males could be in conflict with selection for survival and late life 

reproduction in females. In those populations, strong selection for fertilization success of males 

(for instance, through high sperm competitive ability) could even be trading off with selection 

for male life-span. In fact, Darwin (1871) suggested that sexual selection may be a slow process 
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due to weak selection on traits in certain seasons, such as exaggerated male traits. Wallace 

(1871) also advocated for there to be selection against exaggerated male traits in certain life 

stages. The manner in which life-histories can constrain or reinforce the optimization of traits 

under survival and reproduction is the primary framework within which adaptation to different 

ecologies needs to be studied (Bonduriansky et al 2008), and the FEJ-JB system has allowed a 

nuanced examination of such adaptation. 

It is, therefore, worth interpreting our results in the context of the FEJ life-history, which 

consists of a very short breeding duration compared to the JB. Based on the results from 

Chapters 3, 4 and 5, I conclude that the reduction in female resistance to male induced post 

mating harm has been a result of either co-evolution with smaller, less manipulative males, or is 

simply an austerity measure by females that have limited resources available to invest in traits 

that do not result in a significant improvement in fitness, as body size appears to correspond well 

with the female fitness trait values.  

However, given that the two primary post mating responses in females are an immediate 

increase in egg output and higher mortality (Wolfner 1997, 2009), FEJ females might even be 

selected to forego resistance to mate manipulation as, in the context of their need to survive for 

only three days post mating and to lay a relatively large number of eggs on the third day, these 

male-induced changes would improve their fitness rather than depress it. These manipulative 

traits, therefore, may no longer be under conflict in the FEJ populations, unlike in the JBs where 

females need to survive for almost 11 days before eggs to initiate the next generation are 

collected. Results from Chapter 5 (Fig 5.3) reveal disproportionately smaller JB testis than those 

of the other selection regimes, with FEJs having the largest testis size relative to body size. The 

significant difference between (scaled) testis sizes between JB and FEJ indicates a greater 
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relative investment towards reproduction by the FEJ males as compared to the JB males. 

Moreover, FEJ females undergo substantially higher mortality post mating, compared to the JB 

females when both types of females mate with males from their selection regimes (Mital 2013). 

Given the FEJ life-history, as explained above, such an evolutionary change in the relative 

investment made towards reproduction would make sense. Perhaps fitness benefits of 

manipulation are accrued by females in FEJ populations, as argued above, and proportionally 

larger AG sizes in FEJ males (compared to JBs) would then be expected. I did find a trend 

towards larger AG sizes in the FEJ compared to JBs, and further research is necessary for this 

hypothesis to be adequately tested. Perhaps, a minimum absolute investment in these organs is to 

achieve any reproductive success, thus necessitating increased proportional investment in case of 

the FEJs. The absolute AG sizes of RFs and RRFs were very similar to that of JBs although they 

are smaller. Perhaps, the investment pattern in RFs and RRFs has not changed, being ancestrally 

closer to the FEJs, and the release from the constraints of rapid development allowed for such 

large AGs to evolve. In the life-history context, similarly, it would be in the interest of the JB 

males to be relatively less manipulative towards their partners, while still selecting JB females to 

maintain high resistance to mate manipulative harm in order to survive till day 21 from egg 

collection, explaining the relatively lower investment towards reproduction. 

Additionally, the absolute differences in the FEJ and JB testis and AG sizes explain the 

earlier results obtained from studies with this system that show FEJs as having lower levels of 

inter-locus sexual conflict than JBs. Furthermore, earlier work from this lab has also reported 

lower Acp transcription levels in the FEJs compared to the JBs (Satish 2010, P Dey and A Joshi, 

unpubl. data). Therefore, despite relatively increased investment in reproduction, the absolute 

constraints imposed by strong selection for rapid development may have resulted in weaker FEJ 
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males, and consequently less resistant FEJ females, as compared to JBs. Interestingly, between 

RFs and RRFs, no such difference was seen despite differences in their life-histories, especially 

with regard to their effective adult lifespan. 

The lifting of the selection for rapid development allowed me to check if the RRF 

females (which would experience the same fitness benefits of male manipulation as the FEJs) 

have lower resistance in comparison to the RF females, in terms of a fecundity boost and 

survivorship. Since I did not find any differences between them (Chapters 4, 5), even though this 

hypothesis is an interesting possibility, it warrants rejection in the absence of any further 

evidence. Further, no fitness loss or gain to females, in terms of fecundity up till four-five days 

of adult life, was seen in the FEJ or RRF females, with egg output being similar after mating 

with larger, more manipulative males as well as with smaller males (Figs. 4.5, 4.7). 

A question then arises as to whether the co-evolutionary arms-race between males and 

females is itself conserved? If the nature of female fitness loss is changed, via life-history 

manipulations, why is inter-locus sexual conflict not affected? Perhaps, three days of adult life is 

still too long and investigating this phenomenon in populations such as the ACOs (Chippindale 

et al 1997a) which are large, outbred D. melanogaster populations selected for rapid 

development and very early reproduction (~24 hours as adults) might yield more insight. For 

instance, in the work demonstrating changes in male reproductive investment using populations 

selected for different ages at reproduction, the difference in the adult age at reproduction 

between the selection regimes was about nine weeks (Service 1993, Service and Fales 1994, 

Service and Vossbrink 1996), compared to only one week between the JB and FEJ populations. 
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It is also worthwhile to consider that females experiencing no fitness loss due to male 

mate manipulation may not be specific only to the FEJ type of life-history. Although typical 

theories on sex roles and research on inter-locus sexual conflict consider a male driven sexually 

antagonistic co-evolutionary process, females are not passive participants. Being a player in the 

‘arms race’, females would also have some control over the evolutionary fate of these traits, i.e., 

they may not just be ‘reacting’ to ‘active’ adaptations by males (Green and Madjidian 2011). The 

very existence of polyandry in such a large number of insects indicates that direct benefits might 

be gained by multiple matings by females as well (Arnqvist and Nillsson 2000). It is perhaps 

more prudent to view the phenomenon of inter-locus sexual conflict as not only one that causes 

females to experience fitness loss, with them evolving counter-adaptations to these male 

manipulations, but rather that the context of the ecology and life-history of the population under 

study may drastically modify these interactions, their effects on the fitness of the two sexes, and 

the eventual escalation or amelioration of the ‘conflict’ in these interactions. It may well be 

worth-while to reconsider the ‘conflict’ status of traits that have traditionally been considered to 

trigger sexually antagonistic co-evolution. 

Results from Chapter 2, in many ways, provide evidence for opportunities for selection 

for lower inter-locus sexual conflict, as well as evidence of lower conflict, which are difficult to 

disentangle. For instance, low courtship rate could be an outcome of less competition among 

males (Rice 1996) and, therefore, lower inter-locus sexual conflict, but could also be seen as 

causing reduction in inter-locus sexual conflict. Any developmental change causing males to 

become less manipulative is likely to give rise to the evolution of lower levels of female defense.  

Additional reduction in inter-locus sexual conflict would be expected in the FEJ, then, which 

would be reflected in their relative AG size. However, this was not found (Chapter 5), or such a 



	
	

139	

possibility reflected in the other traits investigated here (Chapter 4). Perhaps the FEJ flies have 

reached their lower limit on mate manipulation and resistance, with further reduction constrained 

by natural selection. In fact, the relatively larger testes and accessory glands of FEJs suggest that 

a disproportionately larger investment in these organs may be required to attain any reproductive 

fitness, given the large decrease in their body size. 

 

Inbreeding 

It is necessary to establish if inbreeding depression and random genetic drift might have brought 

about changes in trait values, especially while exploring fitness related traits that show reduction 

in trait value over the course of experimental evolution studies. For instance, Rice and Holland 

(2005) extensively needed to discuss and refute the role of smaller body size and inbreeding 

depression as explanations for reduction in male-induced harm and female resistance to that 

harm in their monogamy adapted populations. The study of reverse selection regimes an be very 

suggestive on the issue of inbreeding in laboratory adapted populations. Inbreeding can cause an 

accumulation of recessive deleterious mutations in homozygous form in populations, giving rise 

to overall lower fitness of individuals. The number of generations of selection in the FEJ has 

been so great that, even with a large effective population size, it would not be surprising to find 

accumulation of a number of such deleterious mutations. However, monogamy can partly 

ameliorate this constraint by making family sizes more similar, especially for males. Given the 

slow response found in the relaxed selection regimes I studied, it is worth considering the 

possibility of drift like effects in producing less harmful males, and less resistant females in 

FEJs. Work reported in Chapter 4 on male induced toxicity towards females, and female 
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resistance to that toxicity in RFs and RRFs, revealed that body size differences largely explained 

these effects. Inbreeding or drift like effects would have resulted in lower trait values for fitness 

related traits than what would be expected based on their adult body size. I believe that although 

many generations of strong directional selection may have resulted in fixation of alleles for rapid 

development, reducing the potential for a response in case of relaxation (as seen in Chapter 3), it 

has not been accompanied by a similar inbreeding or drift-induced loss in genetic variation for 

traits associated with sex specific fitness.  

 

Future Directions 

Perhaps one of the first of the subsequent studies on this system should be directed towards 

establishing the differences in levels of sexual selection between the RFs and the RRFs, if there 

are any. Although I have so far used courtship and mating rates (over their effective lifetimes) to 

establish the degree of sexual selection operating in the study populations, a more accurate 

estimate could be obtained by measuring the variances of male and female reproductive success. 

A higher optimum mating rate for males than for females leads to greater overall fitness benefit 

with each additional mating for males, as compared to females, resulting in higher variance in 

male reproductive success than in female reproductive success. Although mating rates suggest 

that FEJ males mate only once, on average, we do not know if the instances of mating being 

noted are from some FEJ males which are better at attaining mating, that mate more than once 

whereas others do not mate at all. Although the overall behaviour of these flies makes this an 

unlikely possibility, it is nevertheless worthwhile to establish if the reproductive fitness variances 
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are congruent for the two sexes in FEJs, and to what extent they differ in case of JBs, RFs and 

RRFs. 

There are about 200Acps that have been recognized in various D. melanogaster alone, 

with a high degree of redundancy in their functions (Sirot et al 2014). This itself is indicative of 

an ongoing co-evolutionary arms race between the sexes, with males being selected to evolve 

newer proteins to perform the same functions that females have evolved resistance against. 

Given the resource constraint as well as the established reduction of inter-locus sexual conflict in 

the FEJs, the number and type of Acps is likely to have changed, relative to the ancestral JBs. 

Moreover, there are proteins that are directed towards improving sperm defense and offense 

abilities. If the probability of securing a second mating is very low in the FEJ, investing in traits 

related to sperm defense and offense is likely to prove wasteful. Alternatively, one can argue that 

it is the presence of a relatively high sperm defense ability (part of which involves reduced 

susceptibility of the female to re-mating) that lowers the probability of re-mating in the FEJ. 

Arguing along the same lines, there would be little to no need for any sperm offense ability in the 

FEJs. All these are traits worth investigating in the FEJ, RF, RRF and JB populations, given their 

different requirements based on age of reproduction and resource availability. Information on the 

complement of Acps produced, and specific defenses mounted against them by females of these 

populations, will further improve our understanding of this system. 

Finally, based on the results presented in Chapter 5, testis size has evolved to become 

proportionately larger, relative to body size, in the FEJ populations. Testis size is implicated in 

both sperm size and number, and has been known to evolve based on specific sperm competition 

related needs in laboratory populations of D. melanogaster (Pitnick 2001, Pitnick and Miller 

2000, Snook 2005). The degree of sperm competition is directly affected by sperm morphology 
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in D. melanogaster and related species, and sperm number and size will not only be a surrogate 

for estimating the degree of sperm competition in these populations but will also help establish 

how these males allocate the limited resources towards reproduction. In the FEJ, egg size has 

been shown to be greater (B M Prakash and A Joshi, unpublished data), and although their 

fecundity is lower than JB, their fecundity per unit weight is higher than that of JBs (Prasad 

2004, Ghosh-Modak 2009). Thus, there is a clear indication of a trade-off and change in the egg 

production strategy that has evolved in the FEJ females. However, FEJ males have so far only 

revealed larger proportionate testis size as a significant evolutionary change in the pattern of 

investment in reproduction related traits. In fact, they appear to invest minimally towards 

courtship, leaving gamete production as the primary reproduction related requirement. Is the 

entire reproductive investment in FEJs made only towards gamete production? If so, how does 

the ratio of sperm size to number in the FEJs compare with that of the JBs?  

All this underscores the chief point that this thesis attempts to make, i.e. FEJ flies, for 

their ecology, are highly specialized and ‘fit’ in the suite of traits they exhibit, yielding maximal 

possible fitness. This includes traits related to rejection or acceptance of males by females, male 

pursuit of females, investment in Acps, resistance to these Acps by females, survival, fecundity, 

adult immunity (Modak et al 2009), and courtship and mating rates. Sexual selection in the FEJ 

populations is not of the same nature as it is in the JB populations and sexually antagonistic 

traits, just like trait correlations, are labile and make sense only in the light of the life-history of 

the organism. This work has helped improve our understanding of the relationship between 

strong selection for rapid development and age at reproduction in terms of mediating lower 

levels of sexually antagonistic co-evolution between males and females. However, many 

questions remain unanswered and further exploration will, hopefully, answer some of them and 
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also open new avenues of research in the field of life-history evolution and male-female co-

evolution. 
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